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I. SUMMARY 

Dissimilar metal joints in thermionic power conversion systems can degrade through material 
interdiffusion. Such degradation effects occur (1 ) as cracks in brittle intermetal lie phases which 
form in the juncture; (2) as Kirkendall voids which form in one side of the juncture; (3) or 
as an impurity which reduces the emittance efficiency of the diode. In order to resolve the 
time dependency of these effects, an experimental study was performed. Four diode emitter 
materials, (1) arc cast tungsten; (2) CVD tungsten; (3) powder metallurgy rhenium; and (4) 

CVD rhenium were autoclave hot isostatic pressure or hot press welded to each of the structural 
support alloys listed below: 

Cb 

Cb-IZr 

Ta 

Ta-lOW 

T-lll 

ASTAR811C 

Mo-50Re 

W-30.9Re-20.1Mo 
W-25Re 
W or Re 

The resulting bimetallic interdiffufion couples were vacuum aged for periods of 100, 1000, 
and 2000 hours at 1 200, 1500, 1630, 1800, and 2000°C. Metal lographic investigation as 
well as electron microprobe trace and spot count scans were employed to analyze the extent 
of interdiffusion as a function of age time and temperature. Computer programs were employed 
to correct the microprobe analysis data for fluorescense and adsorption and also to perform the 
Boltzmann-Mantano analysis of the interdiffusion concentration profiles. Engineering 



relationships were established to predict the extent of interdiffusion for each system as a 
function of age temperature and age time. These relations are expressed for each couple 
system in the form: 

ln(-^->=f + A 0> 

where AX i« the net interdiffusion zone width (cm) 
t is the age time at temperature (sec) 

T is the age temperature (°K) 
and A, B are constants. 

Table 1 presents the parameters A and B for equation (1 ) for the interdiffusion systems 
studied. 

High Temperature solid state interdiffusion between two metallurgicalfy joined metals of 
widely different melting points can also result in a coalescence of vacancies in the lower 
melting point material. The resulting pores form in a plane on one side of the juncture 
and can result in fracture in that plane, as well as through leakage of cesium plasma or 
containment gases. A method was devised to retard the formation of these Kirkendall 
voids, a.id a cursory investigation showed it to be quite successful. 

Although all of the selected diffusion junctions survived the one age thermal cycle without 
fracture, several observations could be noted. Welded (hot isostatic pressure) interfaces 
with Re are not recommended for long term elevated temperature service due to brittle 
intermetallic phases and cracks which formed in the diffusion interface during short term 
thermal ageing. Nonplanar joints such as tubular (concentric cylinder) face joints with Re 
to Ta all cracked and fractured in the interdiffusion zone. Tungsten joined to columbium 
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Table 1. Parameters to Predict Net Interdiffusion Zone Width 
As a Function of Age Time (t -seconds) and Temperature (T - °K) 


In ) = B(I)+A 


(with 95% confidence limits) 


System 

A 

B 

W/Cb, Cb-lZr 

-3.8689 + 0.2266 

-37,390 + 2810 

Re/Cb, Cb-lZr 

-0.4899 + 0.2266 

-43,880 + 3060 

W/Ta, Ta-lOW 

-7.3385 + 0.1891 

-35,290 + 2210 

wA-m, astar 

-3. 3585 + 0.1530 

-44,720 + 3760 

ReA Q , Ta-10W 

-7,1024 + 0.0980 

-35,020 + 1100 

ReA-111, ASTAR 

-6.4489 + 0.1374 

-36,560 + 1730 

W/Mo-50Re 

+0.1554 + 0.1921 

-45,140 +4500 

Re/Mo-50Re 

-8,4797 + 0.1466 

-30,140 + 2940 

W/V/-30. 9Re-20. IMo 

-7.2084 + 0.1719 

-34,750 + 3890 

Re/W-30. 9Re-20. IMo 

-9.3027 + 0.1440 

-28,580 + 3290 

WAe 

-4.4641 +0.3317 

-41,300 + 7470 

W/W-25Re 

-2.1992 + 0.4407 

-47,100 + 9930 

Re/W-25Re 

+2.4148 + 0.5513 

-53,990 + 11,900 
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and tantalum alloys were not subject to joint cracking but were susceptible to considerable 
Kirkendall void formation. The most acceptable joints for long term high temperature service 
should be those of W to alloys such as T-l 1 1 or ASTAR-81 IC after being pretreated for 
Kirkendall void inhibition. 

Studies were also conducted into the weldability of Re/Cb-JZr and Cb-1 Zr/W-25Re 
systems. EB weld parameters such as beam energy, width, traverse speed, sample geometry, 
etc. were evaluated. 

Successful electron beam welds were produced between Cb-IZr alloy and W-25Re or Re. 
These joints had braze characteristics in that the lower melting point Cb-IZr was melted 
against the more refractory material, and little intermixing occurred. Due to the brittle 
nature of these welds and the limited extent of this study, employment of junctions of 
these materials cannot be recommended for specific application without more definitive 
characterization. 
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II. INTRODUCTION 

In-core and out-of-core thermionic power nuclear reactors operate on the principle of thermal 
emission of electrons. Metals with low electron thermal emission energies are heated to 
elevated temperatures, 1500 to 1800°C, where the electrons are emitted, traverse a short 
gap, typically 5 to 10 mils (0.25 mm) and are collected on an adjacent, lower temperature 
metal. Such diodes typically employ tungsten or rhenium as the emitter material, and colum- 
bium, for instance, as the collector material. 

Problems occur in that the most ideal emitter materials, rhenium or tungsten, are not neces- 
sarily the best high temperature strength or load bearing materials, nor the most easily joined 
materials. Consequently, the pure emitter materials must be joined to more sophisticated 
refractory metal alloys to satisfy fabrication or structural requirements. Joining these materi- 
als is accomplished by (1 ) hot isostatic pressure (H!P) welding in an autoclave; (2) hot press 
joining; (3) electron beam (EB) welding; or (4) chemical vapor deposition. 

Most of the diverse properties that occur in the material juncture region result from: 
e Material intermixing 

e Formation of brittle intermetallic phases 

e Thermal expansion mismatching of phases 

e Kirkendall void formation 

e Penetration by diffusing structural materials to the emitter surfaces 
and are dependent upon/or strongly influenced by the rate of interdiffusion (intermixing) of the 
parent binary metal combinations at elevated temperatures. For instance, thin interdiffusion 
zones composed of brittle intermetallic phases are most resistant to thermal cycling or 
stress fracture than thicker zones. Also, the thermionic emission efficiency can be reduced by 
the introduction (diffusion) of trace levels of other elements from structural support members 
to the emitter surfaces. The ability to predict the extent of interdiffusion between emitter/ 
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structural material combinations would be valuable in the design selection of diode components. 


This study quantitatively characterized the interdiffusion behavior of tungsten or rhenium emitter 
materials to several refractory metals and their alloys. Predictive models of the extent of 
interdiffusion as a function of material combination and temperature for long age ^application) 
times were resolved. Also, the various material combinations selected for analysis were 
studied for juncture cracking, Kirkendall porosity, and interphase growth. Figure 1 presents a 
guide to the operational sequence of events followed in the performance of this study. 
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Figure 1. Program Sequence 
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III. MATERIAL SYSTEMS AND SOURCES 


Although many emitter materials could have been selected for this study, tungsten and rhenium 
were chosen for their high temperature properties and general acceptance as leading thermionic 
emitter candidates. Chemical vapor deposition (CVD), arc cast, and powder metallurgy product 
materials were selected to resolve if any structural effects could be observed in the measured 
interdiffusion zone growth analysis. Selections of alloy structural support materials were made on 
the basis of (i) a good cross-section (representation) of alloy bases (i.e. , columbium base, 
tantalum base, tungsten base, molybdenum-rhenium base), (2) general acceptability to high 
temperature structural support applications, and (3) possibilities for observing the effect of 
sequential alloy additions on interdiffusion rates (i.e., Ta, Ta-lOW, T— 1 11, ASTAR811C). 

Table 2 presents the diffusion couple combinations that were selected for detailed experimental 
study. 

Selections of the experimental age temperatures to employ were bounded by the following con- 
straints. Age temperatures for each alloy were restricted to that temperature regime where 
they would normally be employed. Also, the tungsten or rhenium to alloy couple was inves- 
tigated for possible low melting eutectic conditions which could occur upon interdiffusion. 

Thus, Cb and Cb-lZr systems were diffusion aged at 1200, 1500, 1630, and 1800°C while 
W-25Re systems were aged at 1500, 1630, 1800, and 2000°C. 

Since all of the systems, due to their differing characteristics, interdiffuse at different rates, 
selection of experimental age times was critical. For instance, 100 hours at 1500°C for the 
W/Cb-1 Zr couple combination would result in sufficient interdiffusion for accurate exper- 
imental measurement. However, ageing W/W-25Re for 100 hours at 1500°C would be 
analytically impractical. In order to select the optimum experimental age time/age temper- 
ature conditions to impose upon the selected material couple combinations, an engineering 
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Table 2. Diffusion Couple Material Combinations 
Selected for Study 


Emitter Side 

Alloy Side 

W (arc cast) to 

Cb 

W (CVD (100))* 

Cb-IZr 

Re (powder metal product) 

Ta 

Re (CVD (0001))* 

Ta-lOW 

T-111 

ASTAR81 1C 
f D-50Re 

W-30. 9Re-20. 1 Mo 
W-25Re (arc cast) 
Wor Re 

4 emitter materials 

10 structure materials 


i 


* Miller indices (100) indicating (100) planes parallel to 
{unction plane. 
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level interdiffusion model v*as deriv«0 This model, utilizing experimental results from 
similar material couple systems and iviutive entropy correlations, was used to predict the 
extent of interdiffusion for the couple systems selected for this program*. Thus, the optimum 
age times necessary to generate readily analyzable (microprobe) interdiffusion zones of adequate 
dimension were quantitatively predicted with this model. The model, presented in Part ||, 
Appendix C, is also applicable to other diffusion couple material combinations not presented 
in Table 1. 

With the aforementioned considerations as a guide, the age temperatures and times for the 
material combinations selected were resolved os illustrated in Tables 3 and 4. These 
tables also contoin the predicted interdiffusion zone widths as derived from the model. Thus, 
in Table 3, for tungsten couples, columns one and two describe the age cyclic history 
planned for the mater'al couples, and the remaining ten columns denote (by dots) the selected 
age cycle treatment for each alloy combination. Short age times at low temperatures (1200°C) 
were avoided as were long oge times at elevated temperatures. As a selection criteria, only 
time/temperature conditions which resulted in a predicted interdtffusion zone width of 3. 8 
x 10 cm (1. 5 mils) (or 5. 1 x 10 cm (2 mils) at a 45 deqree angle to the interdiffusion 
interface) or greater were accepted. 

Since the effects of small impurity levels in the couple materials could influence the diffusion 
characteristics, high purity starting materials were desired. Table 5 lists the couple materials 
used for the study ond their trace chemistries. Vendor chemistries were verified with random 
checks by our own onalysis. Alloy constituencies are presented in Toble 6 and were also 
verified by our own analysis. ** Purchase order materials specifications were written to mini- 
mize constituent impurities, yet still permit economic alloy manufacture. 


* Port II, Appendix C, Interdtffusion Predictive Model 

••Electron beam microprobe onalysis, relative intensity ratio 


Table 3. Tungsten Couples - Age Schedule (Couple Analysis) with 
Predicted Interdiffuston Width 



Note: > or < denotes zone width greater or less than primary alloy 






< denotes zone width greater or less than primary alloy. 










Table 5. Program Materials and Their Chemistries (in ppm (Wt J 


'w) Astronuclear 
C z) Laboratory 


0 ® 

**- s, 

o 
co uo 

CO CM 

O n ^ oo 

CN ■* — 

V 

o o o o 

V V V V 

°jn o 

V V 

o o o o 

V 'v v 

8 


o o 

V V 

o o 

V V 

a 

° ~ m 

r~ Mj 

o o - 

U0 

* s< V V V 


o 

-*■ 

V 

28 

V V 





u 

00 o — o 

8 

— CD 

m- o 

CM 



8 

s 

t 

Si 

0 

a. 

— ur> o 

M- N 


1 





8 

Q 
$ U 

O trio " 

C4 v ~ 

CM ~ 

V 

CO CO 

-8 

V 

<y 


V 

o 

* 8 

O- 

c <? 

88 ^ 

o o o o 

V V V 

•— co o o 

V V 

o o o o 

V V V 

2888 

V- V 

O mo o 

V V V V 

© o o o 

V V V V 

• 

u 

n ir 

V V 

o o o P 
8 M 

V V v V 

2382 

V V V 

2888 

V V V V 

• * • * 

• • ' 8 

8 • 1 • 

V 

8 ' 

ii 

Pig 8 








*$ 

0- § 

2 S * S 
S8"S 

V 

8 88 

V V 

8 

slgg 

V *“ V V 

8888 

V V- V 

* 

i i i m 

CM 

V V 

88 1 • 

V V 

1 

S' 

DC 

£ y 

4/1 _ 
< 00 

88-2 

n V V 

* n 

V 

m 

CO 

© 

V 

I 


o 

V 

O 

V 

T 

H* 

O O m CN 
•O ® CM 

m O 

V V 

o o 

CM CM 

V V 

28 

v V 

? 


o 

V 

2 8 

^ I 

in 

n n - 

PM — 

o o o 

CM — 

V V V 

O O O m 

— CN — 

V V v V 

o © m O 
— CN CN — 

V V V V 

• • 85 

v — 

1 *00 , 

V v 

88 • 1 
V V 

8 1 

V 

*2 

Ut 

8 8-8 

V 

g o m o 

V V v V 

cm <n m o 

V V V 

0 0-0 

V V 

■ .gt 

V 

1 — 1 © 

V V 

o O , , 

V V 

© 1 

V 

.a N 
U 7 

CN 

8 8 rf 8 

g 2 g 

V V V 

S 8 8 8 

V V V V 

8882 

V V V V 

1 * « 1 

- 

8-*° • 

V v v 

%8 ' ' 

V V 

o 

8- 

V 

(3 

CO 

S8"S 

o o © o 

V V V V 

8 8 88 

V V V V 

8 8 8 2 

V v v v 

• • 8 ' 

V 

g- •« 

CM v v 

88 1 1 

V V 

8 1 

V 

£ 

1 

i 

u 0 x 2 

< ^3 u 0 

u * £ ¥ 

5. 2 in 

u.<S$U 

5 .32 

033 

In 


: * 13 

i 

i— 

wr-w "i"®- i ill a , it r 'rimiiiimi— i i iiiiiii rr 



I 


i 


Table 6. Alloy Chemistries and Properties 


Alloy 

Composition 

Source | 

Cb 

Cb 

Wah Chang i 

Cb-1 Zr 

Cb-I.OZr 

Wah Chang j 

Ta 

Ta 

Wah Chang j 

Ta-lOW 

Ta-9. 2W 

Wah Chong 

T-lll 

Ta-8.2W-1.9Hf 

Wah Chang 

ASTAR811C 

Ta-8. 1 W-l . 4Re-0. 9Hf-0. 03C 

Wah Chang 

Mo-50Re 

Mo-49. 5Re 

Cleveland Refractory Metals 

W-Re-Mo 

W-30. 9Re-20. IMo 

G. E. Cincinnati 

Re (powder met) 

Re 

Cleveland Refractory Metals 

W (arc cast) 

W 

Westinghouse Astronuclear 

Re (CVD) 

Re 

San Fernando Laboratory 

W (CVD) 

W 

San Fernando Laboratory 

W-25Re (arc cast) 

W-25. 6Re 

Wah Chang 

Mo* 

Mo 

Climax Molybdenum 


* Molybdenum used to encapsulate couple material for autoclave HIP-weld process. 
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The CVD tungsten and CVD rhenium were investigated for preferred orientation by x-ray 
diffraction tests. X-ray diffraction peaks are recorded at varying x-ray angles by planes 
(h k I) parallel to the sample surface. Only certain planes give reflections and peaks^. 
Structure factor calculations for tungsten (BCC) show that only planes with Miller indices 
h + k + I = even number will result in reflections. Thus, the (100) plane will not yield a 
peak, whereas the (200), (1 10), etc. , will. A similar analysis applies to rhenium (HCP), 
and again only certain planes will yield reflections. Table 7 presents the relative dif- 
fraction peak intensities for randomly oriented tungsten and rhenium, and the CVD products 
used in this study. The CVD tungsten was found to be very strongly oriented with the (200) 
planes ({100} family) parallel to the surface; and thus diffusion occurred perpendicular ( J_) 
to the {l00( family of planes. The CVD rhenium was also highly oriented with the (0002) 
planes ({000l| family) pa. illel to the surface; and thus diffusion occurred perpendicular (J_) 
to the { 0001 1 family of planes. 
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IV. FORMATION OF DIFFUSION COUPLES 
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Autoclave hot isostatic pressure (HIP) welding was selected as the mode of forming the 
diffusion couples. This method was chosen because it could accommodate a large number 
of couple welds (all of the scheduled program couples) in one autoclave cycle. Also, the 
HIP welding process could affect metallurgical, surface to surface welds at low tempera- 
tures with minimal material interdiffusion. Figure 2 illustrates, conceptually, the HIP 
welding sequence employed. The diffusion couple fabrication sequence began with surface 
preparation operations. 

The materials to be surface welded to form diffusion couples were received in the form of sheets 
(3. 20 cm (1 . 250 inches) wide by 0. 20 cm (0. 080 inches)* thick by random length). Lengths of 
6 . 35 cm ( 2 . 50 inches) were cut by shearing or by carbide cutoff wheel. All material surfaces 
were smooth (32 RMS or better) and flat. Light polishing with 600 emery paper and water 
was used to remove the faint surface oxides. The 3. 20 cm (1 . 250 inches) by 6 . 35 cm (2. 50 
inches) sheet were then cleaned by subsequent 

Scrubbing with an abrasive cleaner 
Rinsing in hot tap water 
Rinsing in boiling distilled water 
Rinsing in ethyl alcohol 
and air drying. 


The surfaces were then chemically etched as follows 

} 


Cb 

Cb-lZr 


Ta 

Ta-lOW 

T-1U 

ASTAR811C 


65 parts HNO v < - 35 parts HF 
1 minute at 120 ^ 

15 parts H 2 SO 4 
20 parts HF 

20 parts HNO 3 , 45 parts water 
5 minutes at room temperature 


* 0. 080 inch thickness determined by diffusion analysis boundary conditions. See Part II, 
Appendix G, Diffusion Analysis. 
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EDGE WELD, VACUUM SEAL WITH ELECTRON BEAM WELD 


o 

o 


• GAS PRESSURE BOND 

• STRIP MOLYBDENUM CONTAINER 

• INSPECT 



DIFFUSION INTERFACE 


CUT OUT AGING 
COUPONS 


Figure 2. Fabrication of Diffusion Couples with Tungsten or Rhenium 
Grain Orientation Normal to the Diffusion Interface 
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W 

Re 

W-Re-Mo 

Mo-50Re 

W-25Re 

Mo 


No etch 

} 30 parts HNO^ - 20 parts HF - 50 parts water 

f Hot chromic acid 


Molybdenum container cans were drawn to the geometry illustrated in Figure 2 from 
0. 051 cm (0. 020 inches) thick arc cast molybdenum sheet product. Prior to the assembly of 
diffusion couple materials in each molybdenum container, all components were vacuum de- 
gassed at 900°C at 10 ® torr for 2 hours. During the degassing cycle, all components were 
individually wrapped in tantalum foil envelopes. Figure 3 presents a molybdenum HI P- 
weld can in the process of assembly. A tantalum foil sheet 0. 0051 cm (0. 002 inches) thick 
by 3. 20 x 1 2. 70 cm (1 . 25 by 5. 00 inches) was placed in the bottom of the can. Next, the 
tungsten or rhenium half of the planned couple combination was wound with 0. 0051 cm 
(0.002 inches) diameter W-l. (T&ThOj wires at 0.08-0. 16 cm (1/32 - 1/16 inch) intervals. 

The wires served as interface locators in the welded couples and were involved in the 
analytical treatment. The wires had been sonic degreased and were pulled through an 
alcohol lubricated cloth grip in order to remove oil and grease. The alloy half of each couple 
was then placed on the tungsten or rhenium half, another 0. 0051 cm (0. 002 inches) tantalum 
foil added,and the flat sheet molybdenum lid was placed over the couples. The assembly was 
held together with "C" clamps until joined by welding. 


Precautions were taken to insure that contamination through handling would not occur. All 
assembly and handling operations were performed with teflon tipped tweezers or by cotton 
over plastic gloves. Care was taken not to rub or touch iron bearing materials on expected 
weld surfaces. The diffusion couple materials were also cross-loaded in the containment cans 
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Figure 3. 


Preautoclave HIP Weld Assembly Sequence of < louple Materials 
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for redundancy. Thus, as in Figure 3, half of the can contained one alloy to tungsten 
couple material, and the other half of the can contained another alloy to tungsten couple 
combination. Thus, if one can failed in the HIP welding cycle, a backup capability was 
present. Also, the cross loading did not mix tungsten and rhenium in one can nor did it 
mix alloy materials of widely varying composition. In total, 48 cans were prepared for the 
autoclave HIP welding operation. 

Once assembled, the cans were placed in a TIG weld box, and after a twelve hour evacua- 
tion at 10" 4 N/m 2 (10" 6 torr) were welded on three sides (edges) in an argon environment. 
Box atmospheres were normally in the 2 ppm oxygen and 3 ppm moisture range, continuously 
monitored during the weld cycle. Following this weld operation, the canswere immediately 
placed in an EB weld chamber, evacuated for 12 hours at 10 N/m (10 torr), and EB 
weld sealed on the fourth (short) edge that had been left open. 

The sealed molybdenum cans were then dye penetrant inspected for weld crocks or flaws and 
were also helium leak checked. This operation was performed In two steps. The sealed cans 
were placed in a retort which was evacuated and backfilled with helium to 15 psig and held 
for 15 minutes. Upon removal, the cans were plunged into a methanol bath where bubbles 
would indicate a gross leak. Following this operation, the cycle was repeated, and the cans 
were helium mass spectrograph leak checked and compared to a 10 cc (STP)/sec standard 
leak. Leaking cans were opened, and their contents cleaned, and transferred to a new 

container. 

Initially, problems were encountered with the welds of several of the molybdenum cans. 

Post weld embrittlement and leak, (crocks) In area, adjacent to the weld, were found only 
in can, with chemistries of 10-20 ppm or less carbon and 10 ppm oxygen. Molybdenum 
cans with 250 ppm carbon and 10 ppm oxygen were leak (crack) free. Apparently, the 
high carbon is necessary to counteract the oxygen and to prevent "hot tearing" as a result 
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of the weld process. Leaking cans were either replaced with cans of high carbon molybdenum 
or were resealed in a second can of tantalum. 

Two autoclave trial HIP-weld parameter evaluation cycles with a cross section of planned 

A 

material junctions showed that operation at 1450°C at 193 MN/m (28,000 psi) for 45 min- 
utes was adequate to achieve 100 percent surface welding of all couple material combinations. 
Thus, the couple cans were placed in four, four-inch diameter by 6-inch deep molybdenum 
containment buckets and placed in the autoclave furnace. Autoclave thermal control problems 
prevented achievement of the temperature goals in this third cycle and a fourth full load cycle 
was made. During this fourth full load cycle, three of the five heating zones in the autoclave 
furnace shorted and burned through, and all of the couple combinations did not reach the desired 
1450°C temperature. Figure 4 shows the typical appearance of the post-HIP cycle molybdenum 
cans. A complete description of autoclave procedures followed, and their rationale is presented 
in Part II, Appendix D, HIP-Welding Operation and Practices. 

Table 8 reviews the HIP weld autoclave cycles employed in this study, while Table 9 pre- 
sents the results of the fourth HIP weld cycle. Post-HIP weld helium mass spectrograph leak 
checks of the cans (noted in Table 9) revealed that those couples, which did not weld 
acceptably, were primarily in cans that failed the leak check. The acceptability of the weld- 
interface for each material combination was determined by metal log raphic observation. For 
instance. Figure 5 shows typical interface conditions for accepted tungsten welds, while 
Figures 6 and 7 illustrate typical, accepted rhenium interfaces. Those welds not accepted 
generally appeared as illustrated in Rgure 8. Those combinations not welding acceptably 
(as denoted in Table 9 ) were separated for hot press welding. The remaining, welded couple 
combinations continued their processing cycle as follows: 





Table 8. Diffusion Couple Evaluation - HIP Weld Cycles 


Cycle 

Purpose 

Results 

1 

Evaluate HIP-weld T-P 
conditions for alloys of 
program. 

Molybdenum HIP-weld cans leaked due to 
oxygen hot tearing. Showed need to add 
getters (T-1 1 1 chips) and baffles to furnace 
and need to employ high carbon molybdenum 
cans. 

2 

Evaluate HIP-weld T-P 
conditions for alloys of 
program. 

Welding conditions of 193 MN/m (28,000 psi) 
at 1450PC for 40 minutes yielded 95-100% 
welding of all alloys in the program. T-1 1 1 
chips and To foil baffles prevent oxygen hot 
tearing of high carbon molybdenum cans. 

3 

HIP-weld of oil program 
diffusion couples ot T-P 
conditions of cycle 2. 

Problems in autoclave furnace control. 100% 
welding of Re/Cb, Re/Cb-1 Zr, W/Cb, and 
W/Cb-l Zr. Other couples partial ly welded. 

4 

HIP-weld of remainder 
of program couples. 

Achieved 65% of desired program couple welds. 
Furnace melt-through precludes further cycles. 
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Table 9. HlP-Weld Yield of Diffusion Couples from Autoclave Cycle 4 


Number Combination 
(Primary Side) 


He Leak 
Check of 
ontainment 


la 

Warc/Cb 

OK 

1b 

W/Cb-lZr 

OK 

lc 

wAo-iow 

OK 

Id 

WAo 

OK 

1e 

WA-III 

OK 

if 

W/Astor81lC 

OK 

l9 

W/W-25Re 

OK 

1h 

W/W3Q 9Re2Q 1 Mo Leak 


% Welded 
(Subjective 
Evaluation) 

Acceptable 

for 

Ageing 

and 

Analysis 

100% 

Yes 

100% 

Yes 

50% 

No 

100% 

Yes 

60% 

No 

50% 

No 

0% 

No 

50% 

No 

0% 

No 

30% 

No 

100% 

Yes 

100% 

Yes 

100% 

Yes 

95% 

Yes 

0% 

No 

0% 

No 

50% 

No 


Secondary side of cons contain backup couples 
Couple cons post-autoclove helium leak checked 


Can 

Repackaged 
for Hot-Press 
Welding of 
Couple 


25 












Post-Cycle 
He leak 
Check of 
Containment 


Combination 
(Primary Side) 


Wcvc/^ 30 * 9Re20JMo 
w cvi/ Mo “ 50Re 

W CVD^ 


Re^Cb 
Rep/Cb-1 Zr 
Re^Aa 
Rep/Ta-10W 
Rep/ASTAR81 1 C 
Rep/W-25Re 
Rep/W30. 9Re20. 1 Mo 
Rep/Mo-50Re 


Re cvi/ Cb 

Re cvc/ cb -' Zr 

Re CVD ,/ ^ a 

Re- -/Ta-lOW 

R W Tin 

Re CVD /ASTAR811C 
Re^^p/\V-25Re 
Re cy[> /W30. 9Re20. 1 Mo 
Re r . /ry /M°-50Re 
Re CVD ^ 


Summary: Acceptable Yield = 59% 

Couple cans leaking (post-cycle) = 18% 
Cans to be hot pressed = 16 units 
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p; qure 5. The Arc Cast-W/Cb and the CVD-WAa Interface at 400X 
(Oblique Light) Demonstrating Acceptable HIP-Weld Junctures 
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Figure 6. The Powder Metallurgy ReAa Interface at 1000X, Oblique Light 
(This Magnification was Necessary in Order to see into the Interface Zone) 
Illustrating Acceptable HIP-Weld Junction 



CVD Re 


T-lll 



Figure 7. The CVD-Re/MH Interface at 1000X (Oblique Light) 
Illustrating Acceptable HIP-Weld Junction 
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Figure 8. Typical Partially HlP-Welded Interface Requiring Further Welding 
f in the Hot Press Facility (Arc Cast W/ASTAR 81 1C at 400X, Oblique Light) 
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Post autoclave cycle vacuum outgassing treatments at 900°C for 1 hour at 10 torr were 
employed to remove hydrogen Introduced by the autoclave operation*. 

The degree of welding of each couple combination as presented in Table 9 was established 

by cutting off 0. 320 cm (0. 125 inches) from the end of each molybdenum can and metal- 

lographically inspecting the weld interface. Those material combinations that were welded 

(visual, subjective analysis) were cut to 1 . 59 x 1 . 27 cm (0. 625 x 0. 500 inch) diffusion coup les 

with a diamond cutoff wheel. The perimeter of each couple was coated with a strippable 

latex, and the molybdenum can faces (lateral surfaces) were removed by etching in nitric acid. 

The previously mentioned 0.005 cm (0.002 inch) tantalum foil can liner prevented lateral 

attack of the couples. Alpha-numeric identification characters were scribed into the tungsten 

face of each couple with a carbide tip vibratool**. Annealing of a W/Ta couple at 2650<>C 

for 10 hours*** showed that the scribe marks would not disappear through surface diffusion 

effects. The prepared couples were then scrubbed with an abrasive cleaner and rinsed in distilled 

-6 o 

water and alcohol. A 10 torr vacuum anneal at 900 C for 3 hours was used to prepare the 
couples for ageing . The couples were again wrapped in tantalum foil during this outgas 
anneal. 

Those diffusion couple combinations not joined by HIP weld practice were prepared for hot press 
joining. Surface preparation was identical to that described for the HIP weld materials. A 
parameter evaluation hot press cycle was made with a stack of the following material sequence: 

Ta/ASTAR81 IC/WA-l 1 1/W-30. 9Re-20. 1 Mo/W/W-25Re/T-l 1 1/Ta. 

At 2000°C, 12.4 MN/m^ (1800 psi) for 15 minutes, the ASTAR81 1C and T-1 1 1 welds to W 

were 70-90 percent successful, while the W-25Re and W-30. 9Re-20. IMo welds were only 

* Part II, Appendix D, HIP-Welding Operation and Practices. 

** Diffusion Couple Age/ldentificatlon Chart presented in Part II, Appendix F. 

*** Accelerated diffusion test. 

+ See Port II, Appendix K, Section 1. Minimizing Interdiffusion During Vacuum 
Outgassing Anneals. 
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2 

30% successful. A second cycle at 2100°C, 20.7 MN/M for 20 minutes yielded 100 per cent 
welding of all junctions. Microprobe traces across these sample weld interfaces indicated weld 
zones of less than 6 microns. Part II, Appendix E, Hot Press Operation, describes the practice 
and facilities to join the couple combinations designated in Table 9. 


In order to achieve the necessary stress to effect hot press welding, the 6. 45 x 3. 18 cm 
(2. 500 x 1 . 250 inch) HIP weld sheets were cut to 1.27 x 3. 18 (0. 500 inches wide x 1 . 250 
inches long) and stacked as follows: 

Mo/Alloy/W/Mo/AI loy/W/Mo/ 

t t 

Interface Interface 


Thus, after hot press welding, the welded stack of materials was immersed in nitric acid, 
and the preferential etch removal of the molybdenum released the alloy/tungsten diffusion 
couples. 

These individual diffusion couple pieces were also surface polished, chemically cleaned, and 
vacuum outgassed* under the same conditions as previously described for the HIP welded 
couples. 


*See Part II, Appendix K, Section 1, Minimizing Interdiffusion During Vacuum 
Outgassing Anneals 
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V. DIFFUSION AGING CYCLES 


The age temperature/time conditions selected for each of the diffusion couple combinations 
are presented in Tables 3 and 4. Three age times (100, 1000, and 2000 hours) and four age 
temperatures (2000, 1800, 1500, 1 200°C) were selected as described previously. Part II, 
Appendix F, Diffusion Couple Age/Identification Chart, illustrates the number of diffusion 
couples in the program (323), and the number of couples per age cycle. Table 10 summarizes 
the age time/temperature matrix by illustrating the number of couples to be aged for each 
condition. As can be seen, nine age cycles were required. Since three furnaces were avail- 
able for the program, Table 1 1 was necessary to affect the optimum schedule for furnace utili- 
zation and calendar time. 

Three ultra-high vacuum, sputter ion pumped, cold wall vacuum furnaces were used for the 
diffusion ages. One furnace was tantalum resistance heated (1200°C cycles) and two were 
tungsten mesh resistance heated (1500, 1800, and 2000°C cycles). The furnaces were manu- 
factured by Varian Associates of Palo Alto, California. Hot zones are 10.2 cm (4-inches) 
diameter by 15. 2 cm (6-inches) long and were shielded by tungsten foil reflectors. The 

furnaces were pumped by 500 l/sec diode sputter ion pumps and operated, typically, at 
“6 2 

1x10 N/m (1x10 torr) or lower for all of the age cycles employed. A water-cooled 
copper cold wall surrounds the radiation shields and split cylinder resistance heater to main- 
tain the sputter ion pump and vacuum chamber at as low a temperature as possible. All seals 
were made with crushable copper gaskets. Titanium sublimation pumps are located in the 
chamber bottom and were only used during temperature ramps to operating conditions. Tanta- 
lum foil shields were employed to protect the furnace from line of sight exposure to sublimed 

( 2 ) 

titanium. These furnaces are completely described in prior reports. 

The furnaces could be temperature controlled either through standard proportional controllers, 
or a saturable core reactor thermowatt converter system. Bare wire thermocouples were used 
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Table 10. Interdiffusion Furnace Age Treatments 


2000 hrs 


A (39) 

B (24) 


Age Time 
1000 hrs 

C (30)* 
D (52) 

E (47) 

F (24) 


100 hrs 

G (23) 
H (47) 
102 ) 


* (parenthesis denote number of diffusion couples per age treatment) 


Table 11. Furnace Age - Time Chart for Interdiffusion Study 


A (W mesh) itil u 
B (W mesh) lJ 
C (Ta mesh) tLtl-Li 




Months 


, VI 



I 


in the hot zone with ceramic insulation (ThC^) for shield feedthroughs. W/W-26Re thermo- 
couples were used at 2000, and 1800°C while Pt/PtRh thermocouples were used at 1500 and 1200°C. 
Continuous trace millivolt recorders were used to monitor temperature conditions throughout the 
age periods. Temperature variations did not exceed + 20°C for all of the ages. 

Prior to actual ageing cycles, the furnaces were charged with simulated couple loads and power 
requirements for each age temperature were determined. With this calibration the ramp times 
from 800°C to 1200, 1500, 1800, and 2000°C were determined. These ramp tests were made to 
ascertain the time corrections for time at temperature*. For instance, ramp times from 800°C 
to 1500°C were less than 2 minutes, while quench times back to 800°C were less than 5 minutes. 
These short times were due to the low thermal mass in the furnace hot zone. Since the ratio of 

(3) 

interdiffusion coefficients for tungsten/rhenium interdiffusion' ' is 


D (800°C) = 
D (1 200°C) 


0045 


( 2 ) 


and the two ramp times are short (2 minutes up ramp At , 5 minutes quench At ), the average 

u q 


age time correction would be 


At + At 


t^ (corrected) = t^ (experimental^ — ^ 3- 


age 


age 


(3) 


For the minimum age of 100 hours, the correction would be 


*• 

f 


At + At 
u q 

2 " 


- 0. 058 hours 


(4) 


or 0. 058%. The ramp time corrections to the 1800 and 2000 C age temperatures are also lower. 
Thus, ramp time corrections to the age temperature were not necessary in this study. 

The diffusion couples to be aged for each time-temperature cycle were placed on a special 
EDM fabricated tungsten support stand. Figure 9 illustrates the couples for age 1** placed 


* See Part II, Appendix K, Section 2, Corrections to Age Time due to Furnace Time- 
Temperature Ramps. 

**See Table 10 and Fart 11, Appendix F, Diffusion Couple Age/1d»ntiflce»tian Chart. 
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Figure 9. Demonstrating tfie Placement of Support Stands and Couples 
for Diffusion Age I (1500°C. 100 Hours) 


35 


1 


-i 


m 











I 


upon the support structure. Each couple contacts the stand at only two support points, thus 
permitting thermal expansion without stresses. A complete identification map of each couple's 
furnace location in each age cycle was retained. Tungsten foil interlayers between the stands 
prevented couples from falling out of the hot zone if they slipped from the stand. These foils 
also acted with top and bottom foils to prevent axial temperature drops in the hot zone. Figure 
1 0 illustrates diffusion couple placement inside the heater sheath in the age furnace. 
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i 


't* 

*•' 

r 


Once the furnace was loaded, thermocouples placed, and vacuum chamber sealed (27. 3 cm 

(10-3/4 inch) "Wheeler" flange seated on a crushable round copper gasket), the chamber 

was baked out for 12 hours at 200°C after being evacuated with a turbomolecular pump. 

Initial power heating to 900°C and a five to ten hour hold were affected to outgas the system. 

Subsequent power ramps to temperature were rapid (previously described), and pressures did 
-3 2 -5 

not exceed 1.2x10 N/m (1x10 torr) during this startup cycle. The pressure always 

*6 2 -8 

dropped below 1.2 x 10 N/m (1x10 ) within a few hours (with titanium sublimation 

pumping), and no pressure problems were encountered for any of the age cycles. 


Power versus elapsed time and temperature versus elapsed time continuous plots were made during 
the age cycles to observe trends in control. Temperature deviations did not exceed + 20°C 
for any of the age cycles*. One cycle, age E, 1500°C for 1000 hours, did encounter a tem- 
perature problem. Although the thermocouple reodtng indicated 1500°C, the optical pyrometer 
reading was I630°C. This discrepancy was not resolved until after the cycle had been termin- 
ated. The 20. 3 cm (8-inch) long 8 pin (1/B Inch diameter each) thermocouple feedthrough 
into the furnace was removed. It was found that some teflon bore insulators were not present, 
thus the thermocouple wires were shorting at each end of the metallic feedthrough, and since 
the internal end was hot, a stray emf was affecting the temperature reading. This problem 
was corrected for subsequent cycles In this furnace. ** Optical pyrometer readings on the 


* See Port II, Appendix K, Section 5, Error Contribution to Interdiffusion Analysis 
due to Variance in Age Temperature. 

** Employment of the 1630 C optical pyrometer temperature reading was later validated by the 
interdiffusion analysis. 
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Figure 10. View Downward tnto the Tantalum Heater Sheath Hot Zone 
Illustrating Diffusion Couple Placement In the Age Furnace 
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other age cycles correlated well with thermocouple readings and were recorded as a backup 
to thermocouple failure. The sight glass employed was shielded from incident metal vapor 
from within the furnace except for the few seconds required to take temperaturo readings. 

Age cycle shutdown procedures involved shutting the power off at the end of the cycle time 
period and permitting the furnace to cool under vacuum. The diffusion couples were removed 
from the furnace, inspected visually for irregularities, and sealed in individual envelopes 
until delivered for metallographic preparation. 
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VI. INTERDIFFUSION ANALYSIS 

In order to completely describe the interdiffusion characteristics of the selected tungsten or 
rhenium diffusion couple combinations, several modes of analysis were required. Engineering 
analysis and interdiffusion zone width predictive models required electron microprobe trace 
data across the interdiffusion interface, photomicrographs to illustrate the effects of inter- 
diffusion, and some microhardness Information through the interdiffusion zone. Diffusion 
analysis by Boltzmann-Mantono techniques required electron microprobe spot count profiles 
across the interdiffusion interface, and correction programs for absorption, fluorescense, etc. 
Prior to performing these tasks, however, was the task of metallographic preparation. 


All diffusion couples studied in this investigation were prepared for both metallographic exam- 
ination and electron microprobe analysis. Each sample, as submitted, was first ground on u 
bimetal edge perpendicular to the wrapped tungsten wire being used for both orientation and 
calibration purposes. After this initial grinding, the sample was carefully mounted in a 2. 5 cm 
(one inch) diameter mold using Hysol R8-2038 Resin (H4-3410 Hardener) saturated with a filler 
medium consisting of 150 mesh powdered porcelain. The prepared mount was inserted into a 
low vacuum oven for 10 minutes and then cured and hardened by raising the oven temperature 
to 60°C (140°F) for a minimum 2-hour period. The cooled mounted sample was then transversely 
cut in half, and all further metallographic operations were performed on this cut surface. This 
technique of preparing the samples for metallographic analysis prevented the brittle diffusion 
zones from cracking during sectioning; and at the same time, the added porcelain filler aid* 
in keeping the exposed sample surfaces flat during the subsequent grinding-polishing operations*. 


Samples for metallographic examination were ground successively on 120, 240, 400, and 600 
grit silicon corbide papers with water as the coolant. Using c -tomotic grinding apparatus, the 

* See Part II, Appendix K, Section 3, Potential Error in Interdiffusion Zone Width 
Measurement due to Improper Metallographic Mounting 




grinding cycle was one minute at 14 Kg (30 pounds) pressure on each grinding paper used. 

In some cases more than one grinding paper of a particular size was necessary. Normally, 
six mounted samples could be run at the same time using the Buehler Automet polishing 
attachment. 

The next step consisted of a rough polish on Buehler AB silk cloth using a slurry of 0. 3 micron 
AI 2 O 3 (Linde "A") as the abrasive and an automatic cycle of two minutes and 14 Kg (30 
pounds) pressure. 

The final polish was made on Buehler AB Microcloth using one of the two following acid-polish 
mediums. For Group I couples consisting of W/W25Re, W/W-Re-Mo, W/Mo50Re, Re/VV25Re, 
Re/W-Re-Mo, Re/Mo50Re, and W/Re refractory alloy combinations, the acid -polish used was 
10 grams and 10 grams Jeweler's Rouge in 100 ml of water. For Group 2 couples con- 

sisting of W/Cb, VV/CblZr, WAalOW, WA1H, W/ASTAR811C, Re/Cb, Re/CblZr, ReAalOW, 
Re/7-1 11, and Re/ASTAR81 1C refractory alloy combinations, the acid-polish used was 100 ml 
of an acid solution consisting of 250 ml water, 50 grams C^Og, 35 ml orthophosphor ic acid 
and 3 ml HjSO^ mixed with 200 ml water containing approximately 75 grams . 05 micron A^O^ 
(Linde "B"). 


To reveal the microstructure of the diffusion zone, Group 1 couples (W) were swab-etched with 
a solution consisting of 40 ml cone. HCI, 20 ml cone. HNOg/ and 30 ml 48% hydrofluoric 
acid while Group 2 couples (Re) were swab-etched with a solution consisting of 10 grams potassium 
ferricyanide, 10 grams of potassium hydroxide in 100 ml water. 

For electron microprobe analysis, the metallographic samples were prepared only through the 
final polish stage. No etching was performed on microprobe samples in order to prevent pre- 
ferential constituent dissolution and perturbed results. 

Post-age interdiffusion concentration profiles were resolved by electron microprobe analysis. 

Two types of analysis were performed. The inteidiffusion zone of every diffusion couple in the 
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program was traced with a continuous scan at 90 or 45 degrees (depending upon zone width) 
to the interface plane. For binary couples, one element was traced. For ternary or higher 
couples, two or more elements were traced. Selected diffusion couples were also spot count 
traversed at 2, 4, or 8 micron intervals at 90 or 45 degrees to the interface plane. The 
equipment, techniques, and correction factors (Colby Computer Program) employed are described 
below. 

To determine the composition profiles for the refractory metal alloy diffusion interfaces, the 
Applied Research Laboratories Model AMX electron probe microanalyzer was used. Quantitative 
analysis was performed by calculating the weight fraction of an element in the sample under 
study by determining the ratios of characteristic x-ray intensities generated by the electron beam 
in the sample to that generated from a pure standard of the same element. 

In this investigation the operating parameters of the microprobe were set at 25. 0 KV accelerating 
potential and 0. 1 pA beam current. The electron beam was adjusted to a 1 micron spot size 
using an aluminum oxide standard for focusing and aligning the beam. The generated x-rays 
were diffracted by a dispersive scanner having a LiF analyzing crystal and proportional counter 
detector. The intensity data was recorded either on a X-Y recorder or a scaler-typewriter 
output translator. Quantitative composition results were computed from the digital data by a 
modified MAGIC computer program as described in Part II, Appendix J. 


'!• ^ 
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Normally the samples were scanned at 45 degrees to the diffusion zone; the angle of traverse 
being positioned with the aid of a protractor eyepiece used with the light optical microscope 
system. For a few cases where the diffusion zone was very wide, a 90 degree traverse was used 
for the analysis. 

For the X-Y recorder continuous scans of the diffusion zone, the traverse speed was set to 16 
microns per minute. In those cases of wide diffusion zone bands, the traverse speed was 
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increased to 196 microns per minute. The acquisition of the ratemeter analog data was normally 
begun 100 microns before the diffusion edge and continued until no intensity change could be 
observed after passing through the diffusion zone. 

The point count digital data was obtained by means of a stepping motor. As with the X-Y scanning 
method, the point count data was started 20 to 30 microns before the edge of the diffusion zone, 
and digital data was continuously obtained at 2 micron intervals until no further change in in- 
tensity could be observed. Background counts were taken before and after the element intensity 
peak in both matrix materials of the couple, averaged for each of the matrices and if necessary, 
prorated for each of the point counts through the diffusion zone. 

The counting time was set to either 10 seconds or 1 second, the latter time used for the intermediate 
and wide diffusion zone couples. As stated previously, the scaler output was recorded on a 
special IBM typewriter through a data translator. It was this data that was prepared for input to 
the Raytheon 520 computer for calculating the compositions of the selected element in the 
refractory metal alloy couples. 

Direct calibration of the electron probe microanalyzer as well as testing the correction cal- 
culations utilized in the modified Colby Computer Program were made by analyzing the NBS 
Standard Reference Material No. 482, Gold-Copper Wires for Microprobe Analysis. The 
nominal composition of these wires is shown in Table 12. 

Although all samples of the series were run, the standardization of the microprobe was normally 
based only on Wire C, Au60Cu40 with the principle analysis being performed on the copper 
composition. The periodic calibration results are shown in Table 13. 










! 

i 

j 

As shown in Table 13, the laboratory coupld duplicate the standards composition well within 
5 percent of the NBS reported value. 

A more meaningful analysis of the precision and accuracy obtained for typical couples 
analyzed in this study is shown in Tables 14, 15, and 16 on the analysis of 50Re50Mo 
matrices (containing 33. 57 atomic percent rhenium) of three Re/50Re 50Mo couples identified 
as 4IA1, 3IA5, and 31 A6. These three couples were aged at 1500, 1800, and 2000°C, 
respectively. 

Primary emphasis in analytical treatment was devoted to engineering level analysis with the 
development of correlation equations. These equations permitted the net interdiffusion zone 
width of each diffusion couple material combination to be characterized as a function of age 
time, age temperature, and extrapolated time (to 10,000 hours) if so desired. Part II, Appendix 
G, Diffusion Analysis Methods, presents analytical techniques and methods necessary to the 
i accurate resolution and characterization of interdiffusion information. The development and 

interrelationships between interdiffusion equations are also described in Appendix G. 

I 

i 

On an engineering level, the interdiffusion characteristics of the tungsten or rhenium to alloy 

j 

couple systems were described at each age temperature by relating the interdiffusion zone 
j width, AX, to age time, t,as 

I 

i AX a v/T (5) 

j J 

I 

j 

i 

[ : 

t 
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Table 14. Rhenium Analysis by WANL Electron Microprobe 

Sample 4IA1 
1 500°C/1 00 hours 
50Re-Mo Matrix 
(33. 57 a/o Re) 


Point Count Rhenium (a/o) 

33. 54 

33.54 

33.54 
33. 51 
33. 95 
33. 51 
33.80 
33.89 

33. 93 ( 

^ j 

X = 33.69 

a = 40.20 | 

3o = -KJ.60 5 

A 
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where the interdiffusion zone width was determined from a microprobe trace concentration 
scan across the diffusion interface. A typical microprobe trace scan for this program 
determined the net interdiffusion zone width as that distance extending from 100/98 
atomic percent tungsten. Resolution below +2 atomic percent was beyond the accuracy 
of the trace scan*. The net interdiffusion zone width dimensions were determined as the 
points at the extremeties of the concentration profile where the slope went to zero. These 
positions of zero slope were determined graphically. The dimension between the concen- 
tration profile extremeties of aged couples (i. e. , net interdiffusion zone width) was cor- 
rected for as-welded conditions by subtracting the as-welded zone width. The error con- 
tribution of large as-welded zone widths is discussed in Part II, Appendix K (Section 7) 
and was found not to exceed 14 percent. 


The accuracy of the measured and corrected interdiffusion zone widths was evaluated with 
the assistance of equation (6): 

AX 2 . B 


In (• 


)= ^ +A 


where AX is nt»> interdiffusion zone width (cm), t is age time (sec), T is age temperature 
(°K ), and A and B are constants. Equation (6) was developed from basic diffusion theory 
as presented in Part II, Appendix G. Thus, from equation (6) a plot of In (— - — )versus 1/T 
will yield a straight line. ln*erdiffuston zone widths at one age temperature and several 
age times will all define one point. The resulting graph of equation (6) serves as an 
excellent check on the accuracy of the measured interdiffusion zone widths at any age tem- 
perature for all age times. Equation (6) also becomes on excellent predictive model for 
verifying the accuracy of equation (5) and permitting extrapolation to extended age 
times (beyond those employed experimentally). However, each interdiffusion couple system 
(W/Cb, ReAa, etc. ) will require a separate set of constants (A, B) In order to use Equation 
(6) as a predictive model. 


* Part II, Appendix K, Error Analysis, Section 1. 
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j A predictive model, which describes the net interdiffusion zone widths for varying age 

I times and temperatures, for tungsten or rhenium interdiffusion with elements of Group V and 

| VI of the periodic table was derived. This model, described in Part II, Appendix C, relates 

the net interdiffusion zone width upon aging to the relative entropy level of the diffusion 
couple system. The predictive model developed in Appendix C presented the interdiffusion 
zone width, AX (cm), as 

m 

where t is age time (sec. ), T is age temperature ^K), and T m Is the lowest melting point 
in the combined diffusion couple system (i. e. , eutectic for binary system). This is the 
model that was employed to predict the level of interdiffusion expected for the couple 
materials selected for this study. Experimental age times and temperatures were selected 
| with the assistance of this model in order to project adequate interdiffusion for microprobe 

analysis. The accuracy of the predictive model with respect to the experimental results 
will be discussed in a later section. 

The microprobe spot count analyses were employed for diffusion analysis of the individual 
couple systems. Diffusion analysis, as described in Part II, Appendix G, showed that for com- 
ponents of dissimilar melting points, Gaussian (error function) concentration/penetration profiles 
would not occur, and non-Gaussian analysis would be required. Such concentration profiles 
required employment of the Boltzmann-Matano analysis to describe the interdiffusion 
coefficient as a function of tungsten or rhenium concentration and as a function of age tem- 
perature. The Boltzmann-Matano equation 
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was solved with the aid of the Hartley computer program* for interdiffusion zones with 
intermediate phases, and by the Lifshin** computer program for solid solution, non-Gaussian 
concentration profiles. 

The results of these diffusion analyses were presented as In D versus concentration plots for 
each age temperature for each material system studied. The results of analysis at several 
age temperatures were summarized as 

In D vs 1/T (9) 

relations. Only the following systems were analyzed: 

Cb/W 

Cb/Re 

Ta/W 

Ta/Re 

Re/Mo-50Re 

Re/W 

This is because other systems formed partial couples (i.e. , W/Ta-lOW, W/V\/-25Re) 
and would have yielded the same information as total couples, or formed ternary systems 
such that the ternary constituent could no longer be ignored (i. e. , Re/T“! 1 1 , Re/Ta-lOW, 
W/Mo-50Re, Re/W-30. 9Re-20. IMo, etc. ) Ternary analysis was not attempted in such 
systems as W/Mo-50Re and W/W-30. 9Re-20. 1 Mo since more experimental information 
would have been required. 


* fort II, Appendix H, Hartley Computer Program for Boltzmann-Motano Diffusion Analysis. 

** Part II, Appendix I, Lifshin-Hammemann Computer Program for Boltzmann-Matano 
Diffusion Analysis. 
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VII. RESULTS AND OBSERVATIONS 


The results of the interdiffusion analyses are presented as a function of alloy family. The 
sequence followed is presented as tungsten or rhenium interdiffusion with (1) columbium 
systems; (2) tantalum systems; (3) molybdenum-rhenium systems; (4) molybdenum-rhenium- 
tungsten systems; and (5) tungsten-rhenium systems. 

Tables 17 through 20 summarize the corrected, experimental interdiffusion zone widths 
(98 to 2 atomic percent tungsten or rhenium) found from analyzing the microprobe trace scans. 
This experimental information was treated and is presented in this section to quantitatively 
characterize the interdiffusion behavior of the material couple combinations of this study. 

A. COLUMBIUM SYSTEMS 
1. Columbium-Tungsten Systems 

The columbium-tungsten system diffusion couples form solid solution, interdiffusion zones. 

All junctions were formed by autoclave HIP welds resulting In minimal zero condition inter- 
diffusion zones. Figure 1 1 illustrates that an extrapolation of measured interdiffusion zone 

-3 

widths (AX meas) to time zero results in an intercept at approximately 0. 80 x 10 cm. This 

agreed well with the microprobe trace measured as welded zone widths of 0.48 and 0. 72 x 
-3 

10 ' cm. Analysis of columbium and columbium-1 zirconium to arc cast tungsten and CVD 
tungsten interdiffusion zone widths is summarized in Table 21. 

Figure 12 shows that although some scatter exists at 1200°C, there is essentially no 
detectable difference between the systems. A grain boundary diffusion effect for preferentially 
oriented CVD tungsten grains was not discerned, and the scatter at 1200°C con be assigned 
to experimental errors and the small AX values found. Least squares computer analysis 
established the columbium-tungsten interdiffusion model as 



Tobl. 17. Experimental Inteidiffusion Zone Widths (cm x 1 0 ) for Arc Cast Tungsten* 
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“Zone width* given corrected for as-welded condition 
* Inadequate inteidiffusion for analysis 
**HIP = Hot Isostatic Pressure Welding 
HP= Hot Pressure Welding 























Table 20. Experimental Interdiffusion Zone Widths (cm x 10) for CVD Rheni 
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Table 21. Columbium-Tungsten Couple Systems Corrected 
Interdiffus'or Zone Widths 




Age 

Age Time t 

Columbium 

Couple 

Temp. 

<°C) 

(hrs. ) 

(secxIO -6 

Cb 

/w ** 

1800 

1000 

3.60 


arc 


100 

0.36 



1630 

1000 

3.60 



1500 

100 

0.36 



1200 

2000 

7. 20 




1000 

3.60 

Cb 

-IZr/W 

1800 

1000 

3.60 


arc 


100 

0.36 



1630 

1000 

3.60 



1500 

100 

0.36 



1200 

2000 

7. 20 




1000 

3.60 

Cb/W CVD*** 

1800 

1000 

100 

3.60 

0.36 



1630 

1000 

3.60 



1500 

100 

0.36 



1200 

2000 

7.20 




1000 

3.60 



Cb-lZr/W Cv[) 1800 


29.42 
9.84, 9.54 
16.72,17.50 
1.72 
0.66 
0.69 


30.62 

11.04 

17.05, 16.62 
1.78 
1.75 
0.73 


30.68 

9.63 

15.37 

1.54 

0.90 

0.33 


34.18 

9.91 

17.27 

2.04 

0.61 

0.81 


* -3 

Zone width = cm x 1 0°, i. e. , 1 , 72 = 1 . 72 x 1 0 c 

Zone width also corrected by as-welded condition 




(cm 2 /sec 


2.41 x 10 
2.69 x 10' 
7.76 x 10' 
8.22 x 10' 
6.02 x 10' 
1.32 x 10' 


2.61 x 10 
3. 38 x 10' 
8.09 x 10' 
8. 84 x 10' 
4.25 x 10' 
1.49 x 10' 


2.61 x 10" 

2.58 x 10' 
6. 56 x 10' 

6. 59 x 10' 
1.12 x 10" 
3.03 xlO' 


3.25 x 10 
2. 73 x 10 
8. 29 x 10 
1.15x10 
5. 09 x 10 
1.80 x 10" 


W = arc cast tungsten 
arc 


= chemical vapor deposited tungsten, from WF., (100) planes 



















( 10 ) 


In ( 


AX“ 


) = - 3 Z / - 3 .y..,^-. 8 !.?.) - 3. 869 (+0. 227) 


where AX is interdiffusion zone width from 98 to 2 atomic percent tungsten in centimeters, 
t is age time in seconds, and T is age temperature in °K. Ninety-five percent confidence 
limits are presented. Note that columbium-tungsten interdiffusion zone width data from 

(3) 

Hudson and Yang' ' correlate well with the data presented here. 


Figure 13 presents the inte diffusion zone width information as a function of age time, 
and extrapolations to long age times are provided with equation (10) from Figure 12. 

A least squares fit correlation coefficient of 0. 934 was found for equation (1 0). This cor- 
relation was surprising in light of the gross Kirkendalt porosity which occurred on the colum- 
bium side of the interface in this system. Figure 14 presents the as-welded columbiurr\/CVD 
tungsten interface in contrast to Figures 15 and 16 which present the same interface 
after 1000 hours of ageing at 1630 and 1800°C, respectively. The void structure, although 
presenting a reduced cross sectional area to interdiffusion, did not appear to effect the extrap- 
olation capabilities of equation (10). Perhaps the reduced area for constituent flux was 
counteracted by rapid surface diffusion effects within the voids. Also, by the time the pores 
became gross, the interdiffusion kinetics were quite reduced. 


For Boltzmann-Mantano analysis of the columbium-tungsten systems, the columbium-1 


zirconium alloy can be treated as columbium*. Electron 

microprobe spot count traverses 

were made on samples** 

1AA-5 

1800°C 

1 000 hours 

1AA-4 

1500°C 

100 hours 

1AA-2 

1 200°C 

1 000 hours 


Refer to Part II, Appendix G, Diffusion Analysis Methods (consideration of 
ternary components). 

** Part II, Appendix F, Diffusion Couple Age/Identification Chart. 
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Figure 13. Illustrating Extrapolation of Zone Widths to Long 
Age Times for Columbium-Tungsten Interdiffusion 
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Ftgu'e 16. Interface of Columbium/CVD Tungsten Interface 
After 1000 hours at 1800°C (2AA-6) at 200X 
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and the Colby MAGIC* corrected concentration profiles were loaded Into the Lifshin- 
Hannemann** Boltzmann-Mantano analysis computer program. Figure 17 illustrates the 
microprobe corrected interdiffusion concentration profile of sample 1AA-5 as presented by 
Calcomp plot subroutine. Figures 18, 19 and 20 present the resulting interdiffusion 
coefficients as a function of concentration of tungsten at 1200, 1500, and 1800°C. Figure 

20, interdiffusion at 1800 O C, closely approaches the form found by Hehemann and 

(4) (5) 

Leber , and reported by Vergasova . 

Figure 21 presents the Arrhenius interdiffusion relation for columbium-tungsten inter- 
diffusion as resolved in this study. Agreement of interdiffusion coefficient and slope 

(4) 

(activation energy) with that presented by Hehemann and Leber ' is excellent and falls 
properly within the respective self-diffusion coefficients. Although Hehemann and Leber 
did not quantize the interdiffusion coefficient, it could be expressed (generally) as 

Sf^W^xKf 7 .*, [-•%£?] <") 

for 50 to 95 atomic percent tungsten, where T is in °K and R is the gas constant (1 . 987 cal/ 
mole-°K). 

2. Co I umb? urn -Rhenium Systems 

The columbium-rhenium systems' diffusion couples form an intermediate phase (X) interdiffusion 

zone. All junctions were formed by autoclave HIP-welds, resulting in minimal zero condition 

interdiffusion zones. Microprobe trace measured as-welded zone widths were 0. 91 and 
-3 

0.57 x 10 centimeters. Analysis of columblum and columbium-1 zirconium to rhenium 
(powder metallurgy and CVD product) interdiffusion zone widths Is summarized in Table 22. 


* Part II, Appendix J, Colby Computer Program for Correcting Microprobe intensity Analysis. 

** Appendix I, Lifshin-Hannemann Computer Program for Boltzmann-Mantano Diffusion Analysis. 
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CONCENTRATION OF TUNCTCN (AT FNAC ) 

7. 0 E— 01 = 7.0 x 10” 1 = 0.7 

Figur* 18. Columbium-Tung*t*n Interdlffwlon Coefficient at 1200°C 




CONCCNflUTlON OF 1U*S1t* (ATFUAC) 

7.0E-01 = 7.0 xIO’ 1 = 0.7 

gur« 19. Co I umbiu m -T ungst on Intordlffuiion Coefficient at 1500°C 
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Figure 20. Columbtum-Tungrten Interdtffuston Coefficient of 1800°C 
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Figure 21 . Arrhenius Interdiffusion Coefficient-Temperature 
Relation for the Columblum-Tungtten System 





Table 


Age 

Temp. 

,(°C) 


Columbium-Rhenium Couple Systems Corrected 
Interdiffusion Zone Widths 


AX 

Interdiffusion 
Zone 
Width _ 


Age Time t 

(hrs. ) 

(secx 10”^) 

1000 

3.60 

100 

.36 

1000 

3.60 

100 

.36 

2000 

7.20 

1000 

3.60 

1000 

3.60 

100 

.36 

1000 

3.60 

100 

.36 

2000 

7. 20 

1000 

3. 60 

1000 

3.60 

100 

.36 

1000 

3.60 

100 

.36 

2000 

7. 20 

1000 

3.60 

1000 

3.60 

100 

.36 

1000 

3.60 

100 

.36 

2000 

7. 20 

1000 

3.60 


(cm x TO 3 )* 


34. 09 

11.37, 12.14 
18.14 
1.52 
0.36 

0.43, 0.34 


32.24 

14.44, 14.38 
16.31 
3.16 

+ 

+ 


AX 2 /t 


(cm 3 / sec) 


3.23 x 10 


4. 1 0 x 10 


9. 14 x 10 ’ 

6.42 x 10 “ \\ 

1.77 x 10 ”1^ 

5. 14x 10 , 3.21 x 10' 


2, 89 x !0 _jq _]q 

5.79 x 10 ,, 5.75 x 10 U 
7.40x10" 

2.78 x 10" ' 


■ 

31.13 

2.69 x 10 

! 

10.80 

3.24 x 10 


16. 38 

7.46 x 10 


1.38 

5.29 x 10 


0.83 

9.51 x 10 


0.86 

2. 04 x 10 

* 

32.13 

2.87 x 10 

; 12.06 

4. 04 x 10 

' 15.33 

6.53 x 10 

2.67 

1.98 x 10 

1.27 

2.24 x 10 

0.43 

5. 14 x 10 


Zone width = cm x 10 , also corrected by as-welded condition 
Rep = powder metallurgy rhenium product 
R e Cvo = chemical vapor deposited rhenium 
Insufficient interdiffusion for accurate analysis 
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Figure 22 shows that although some scatter exists at 1200 and 1500 C, there is no 
detectable difference between the systems. A grain boundary diffusion effect for preferentially 
oriented CVD rhenium grains was not discerned, nor did the presence of zirconium influence 
the interdiffusion zone widths. Least squares computer analysis established the columbium- 
rhenium interdiffusion model as 

In (£ 2 ) = - 0. 490 0. 249 (12) 

where AX is intendiffusion zone width from 98 to 2 atomic percent rhenium in centimeters, 
t is age time in seconds, and T is age temperature in °K. Ninety-five percent confidence 
limits are shown. Literature reviews were unable to reveal other sources of information for 
this system for comparative purposes. 

Figure 23 presents the interdiffusion zone width information as a function of age time, 
and extrapolations to long age times are provided with equation (12) from Figure 22. 

A least squares fit correlation coefficient of 0. 866 was found for equation (12). 

Although K’rkendall voids were not produced in this system for the temperatures and age 
times employed, photomicrographs revealed a brittle X phase in the intendiffusion zone. The 
X phase was only found to be cracked after long age periods (1000 hours), and is exhibited 
in Figures 24 and 25. 

For Boltzmann -Mata no analysis of the columbium-rhenium systems, the columbium-t zirconium 
alloy was treated as columbium*. Electron microprobe spot count traverses were made on 
samples** : 


Refer to Fart II, Appendix G, Diffusion Analysis Methods (consideration of 
ternary components). 

Part II, Appendix F, Diffusion Couple Age/Identification Chart. 
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Figure 24. Cracked, Intermediate X Phase in Columbium-1 Zirconium/ 
CVD Rhenium Interdiffusion Zone After 1000 Hours at 1630°C (4BA-4) at 200X 


(Porosity is result of CVD deposition process in CVD Re) 
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Figure 25. Intact X Phase in Columbium-Rhenium Interdiffusior. Zone 
After 100 Hours at 1800°C (3AA-5) at 200X 

(Note marker wire in Cb) 
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3AA-5 1 800°C 1000 hours 

3BA-3 1 500°C 100 hours 

4AA-1 1 290°C 1000 hours 

and the Colby MAGIC* corrected concentration profiles were loaded into the Hartley** 
Boltzmann-Matano analysis computer program after being fitted, in probability coordinates, 
for curve smoothing. Figure 26 illustrates the micro probe corrected interdiffusion con- 
centration profile of sample 3 aA- 5 as presented by Calcomp plot subroutine. 

Figure 27 presents the smoothed concentration profile generated by the least squares fit 
routine (in probability coordinates) of the Hartley program. The two X phase concentration 
discontinuities agree rather well with published phase diagrams for rhenium-columbium. 
Figures 28, 29, and 3C present the resulting interdiffusion coefficients as a function of 
rhenium concentration at 1200, 1500 and 1800°C. The absence of two phase regions in 
Figure 28 is due to the small interdiffusion zone and the steep (few data points concentra- 
tion gradient found at 1200°C. 

Figure 31 presents the Arrhenium interdiffusion relation for columbium-rhenium inter- 
diffusion as resolved in this study. The interdiffusion coefficients fall closely below that for 
columbium self— dif fusion and are plotted as mean D values for each phase region. Self- 
diffusion data for rhenium was not found in the literature (probably due to a lack of long 
lived rhenium isotopes with adequate emission properties). The low activation energy (slope) 
of the a phase line may be more measurement error than real, since very few data points 
were available in this region, and the Hartley Program distorts near boundaries. The inter- 
diffusion coefficient can be expressed for each phase as: 

(^- )- 8.24 x 10‘ 4 exp [“ 3 ^ 

* Part II, Appendix J, Colby Computer Program for Correcting Microprobe 
Intensity Analysis. 

** Part II. Appendix H, Hartley Computer Program for Boltzmann-Mantono 
Diffusion Analysis. 
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Figure 26. Colby MAGIC Corrected Input Profile to Hartley Boltzmann-Matano 
Program for Columbium-Rhenium Intrrdiffusion at 
1800 C for 1000 Hours (3AA-5) as Plotted by Calcomp 
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CONCENTRATION OF PHENIUM (AT. FRAC. ) 
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Figure 27. Regenerated (least squares fit) 
Concentration Profile from Data In Figure VII-T6. 


1 r 


«!''Tr»ipr ^ 


*qL«£*. 




INTERDIFFUSION COEFFICIENT (CM /SEC) 












5V„ r *£ 5 ^ Vifedijr^ 






(M) 


2 

X / cm . _ a -- ln -6 f 60,000 1 

D x ( sr> - 8 - 75x, ° “*> 1 " TT J 

for the concentration regions of the phase diagram where they apply, and where T is in °K, 
and R is the gas constant (1. 987 cal/mole-°K). 

B. TANTALUM SYSTEMS 
1. Tantalum-Tungsten Systems 

The tantalum-tungsten system diffusion couples form solid-solution, interdiffusion zones. 

Of the four arc cast and CVD tungsten to tantalum and tantalum-10 tungsten couple systems, 

only arc cast tungsten to tantalum-10 tungsten couples were formed by hot pressing. The other 

three systems were formed by autoclave HIP welding. Microprobe trace measured os-welded 

-3 

zone widths were 0. 48 x 10 centimeters. Analysis of tantalum-tungsten interdiffusion zone 
widths are summarized in Table 23. 

Figure 32 shows that although some scatter exists, there is essentially no detectable dif- 
ference between the systems. A grain boundary diffusion effect for preferentially oriented 
CVD tungsten grains was not diseemed. Least squores computer analysis established the 
tantalum-tungsten interdiffusion model as 

In ( yS-) = - 35/ 2 y - 7. 339 (+0. 189) (15) 

where AX is net interdiffusion zone width (aPected zone) in centimeters, t is age time in 
seconds, and T is age temperature in °K. Ntnety-ftve percent confidence limits ore shown. 
Note that tantalum-tungsten tnteidff .usron zone width data from Hudson and Yong^ correlate 
well with the data presented here. 
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Columbfum 

Couple 

Ag. 

Temp. 

<°C) 

Ta.'W ** 
arc 

i 

180C 

1630 

1500 

1200 

1 


(hr*,) (secxltf 6 ) 


AX 

Interdiffusion 
Zone 
Width 3 # 
(cm x 10 ) 


To-lOW/W 2000 
ore i 



To-10W/W cvd 2000 


25.67 

7.21 

7.97 

1.67 

5.85 

2.28 

0.57 

0.40 


24.32 

7.29 

9,07 

2.81, 3.53, 3.33 

5.41 

4.85 

0.79 

0.35 


(cm /we) 


2.08 x 10" 

2.64* 10" ' 
4.30 s 10 ,, 
1.76 x 10 


U7x 10 


1.59x 10 
2.47 x 10, 
i.09x 10 
1.23 x 10, j 
3.41 x 1C" 4 
2. 18 x 10 4 


1.83 x 10" J 
1.44 x 10" : 
1.77 x 10" I 
7.75 x 10" , 
9.52 x 10', , 
7.23 x 10 
4.52 x 10" 4 
4.34* 10" U 


1.64x10.,- 
1.48 x 10 , 

2-28 xio: 

2. 20 x 10 "3.46*10 ,3 
8.13x10", 

3.27 x 10" * 

1.16 x 10" 4 
3.41 x 10 


Zone width *= cm x 10^, t. •. , 1. 72 * 1, 72 x 10”^cm 
Zone width alio corrected for as-welded condition 
W_ fC * ore cost tungsten 

V^-wp = chemical vapor depoetted tungiten, from WF^, (KO) planes 
Insufficient interdiffusion for occurate analysis 
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Figure 33 presents the interdiffusion zone width information as a function of age time, 
and extrapolations to long age times are provided with equation (15) from Figure 32. 

A least squares fit correlation coefficient of 0.897 was found for equation (15). 

A Kirkendall void structure formed on the tantalum side of the interface at 2000, 1800, 

1630, and 1500°C but was not as advanced as that observed in the columbium-tungsten system. 
Voids were not observed at 1200°C. Voids appeared after ageing at 1500°C and were generally 
spherical or oblate. Ageing at 1800°C resulted in two types of void structure, spherical agai n 
(Figure 34), and also elongated (Figure 35). Figure 34 illustrates the joining of several 
spherical voids to form an elongated void. The presence of the different void structures 
did not appear to depend on method of couple formation (HIP-weld or hot press), on the alloy 
constituency (i. e. , tantalum or tantalum-10 tungsten), or on the age time (since voids formed 
at 1800°C and 100 hours were elongated — see Figure 34). Interestingly, the void density 
after 2000°C ages was much reduced over that at 1630 or 1800°C. It appears that Kirkendall 
voids will not form at low or elevated temperatures but only at some intermediate temperature. 
This consideration is evaluated in more detail in Section 9, Kirkendall Void Problems. 



r 


For Boltzmann-Matano analysis of the tantalum-tungsten systems, only the tantalum-tungsten 
couples were evaluated since tantalum-10 tungsten alloy couples formed partial couples*. 
Electron microprobe spot count traverses were made on samples** 

IDA -5 1800°C 1000 hours 

IDA -3 1500°C 100 hours 

2CA-1 1200°C 1000 hours 

and the Colby MAGIC*** corrected concentration profiles were loaded into the Lifshin— 


* Refer to Part II, Appendix G, Diffusion Analysis Methods 
** Pat; tl, Appendix F, Diffusion Couple Age/Identification Chart 
*** Part II, Appendix J, Colby Computer Program for Correcting Microprobe 
Intensity Analysis 
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Figure 34. Illustrating Spherical Voids in Tantalum-10 Tungsten /Tungsten (arc cast) 
System After Ageing at 1800°C for 1000 hours (1CA-5) at 200X 
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Figure 35. Illustrating Elongated Voids in Tantalum-Tungsten (CVD) 
System After Ageing at 1800°C for 1000 hours (2CA-6) at 200X 
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, Hannemann* Boltzmann-Matano analysis computer program. Figure 36 illustrates the 

i 

! microprobe corrected interdiffusion concentration profile of sample 1 DA-5 as presented 

by Calcomp plot subroutine. Figures 37, 38, and 39 present the resulting interdiffusion 
coefficients as a function of concentration of tungsten at 1200, 1500, and 1800 U C. 

Figure 40 presents the Arrhenius interdiffusion relation for tantalum-tungsten interdiffusion. 

as resolved in this study. Aggrement of interdiffusion coefficient and slope (activation 

(81 

energy) with that presented by Ivanov' ' is excellent and falls properly within the respective 

(9) o 

self-diffusion coefficients. Analysis of interdiffusion by Tregubov' ' at 2000 C also agrees 
quite well with this study. Although Tregubov could not express his results in the Arrhenius 
form, that of Ivanov (Q = 120. 5 to 1 10 Kcal/mole, D Q = 1. 54 to 42 cm /sec) does not agree 
with the coefficients developed here: 

£ / cm N lrt -3 f 70, 300 "] njLS 

D(_) = t.07« 10 exp [~ Iff— J < ,6 > 

for 10 atomic percent tungsten, and 


for 60 to 90 atomic percent tungsten, where T is in °K and R is the gas constant (1. 987 cal/ 
mole-°K). This disagreement is probably due to Ivanov's data being in a very restricted tem- 
perature range and thus leading to greater error in slope for extended extrapolations. 


D ( ) = 4. 45 x 1 O' 4 exp 

sec r 


f 72,500] 

L R T J 


07) 


& 

t 


2. Tantalum Alloy-Tungsten Systems 

The tantalum alloy (T-111, A$TAR811C)**-tungsten (arc cast, CVD) system diffusion couples 
form solid solution, interdiffusion zones. All four couple systems were formed by hot press 
welding, thus resulting in slightly larger zero condition interdiffusion zones than for HIP— 


* Part II, Appendix I, Lifshim-Hannemann Computer Program for Boltzmann-Matano 
Diffusion Analysis. 

** T-111 Alloy is Ta-8.2W-l.9Hf 

ASTAR81 1 C is Ta-8. 1 W-l . 4Re-0. 9Hf 


*1 
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W-TA SYSTEM 1000 HRS/ 1200 OEC C. (2CA-1) 
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CONCENTRATION OF TUNGSTEN (AT FRAC > 


Figure 36. Microprobe Corrected Interdiffusion Concentration Profile 
of Sample IDA-5 After Ageing for 1000 hours at 1800°C 
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welded couples. Figure 41 illustrates that an extrapolation of measured interdiffusion 

o 3 

zone widths (AX meas) for 1800 C ages to time zero results >n an intercept at 2. 0 x 10 cm. 

This value agreed well with the microprobe trace measured as welded zone widths of 1. 5 and 
-3 

1.6 x 10 cm. Analysis of T-l 1 1 and ASTAR81 1C to arc cast and CVD tungsten interdiffusion 
zone widths is summarized in Table 24. 


Figure 42 shows that very little scatter existed for this system and that there is no detectable 
difference between the systems. A slight trend for tungsten interdiffusion zone widths to ex- 
ceed those of tantalum can be noted in Table 24, but is not conclusive. A grain boundary dif- 
fusion effect for preferentially oriented CVD tungsten grains was not discerned, nor did the dif- 
ference in alloy base (Hf, Re) constituents influence the interdiffusion zone widths. Inter- 
diffusion zone widths at 1200°C were not discemable above the zero condition as welded 
correction and thus were not included in the analysis. Least squares computer analysis 
established the tantalum alloy-tungsten interdiffusion model as 

In ( ^ ) = - 44/720 3760) - 3. 359 (+ 0. 1 53) (1 8) 


where AX is the net interdiffusion zone width (affected zone) in centimeters, t is age time in 
seconds, and T is age temperature in °K. Ninety-five percent confidence limits are shown. 
Literature reviews were unable to reveal other sources of information for this system for 
comparison purposes. 


Figure 43 presents the interdiffusion zone width information as a function of age time, 
and extrapolations to long age times are provided with equation (18) from Figure 42. 
A least squares fit correlation coefficient of 0. 815 was found for equation 


Kirkendall void structure was not as pronounced as in the binary tantalum-tungsten system couples 
and consisted of occasional spherical voids on ,he alloy side of the interface. No elongated 
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Table 24. T-1 1 1/ASTAR811C - Tungsten Couple System* 

Corrected Irtereiffuslon Zone Widths 


Age 

1 Age Time, 

Temp. 

<°C) 

Hr*. 

(i«C 

x10-*) 

1800 

1000 

3.60 


100 

0.36 

1630 

1000 

3.60 

1500 

2000 

7.20 

1200 

2000 

7.20 


1000 

3.60 

1800 

1000 

3.60 


100 

0.36 

1630 

1000 

3.60 

1500 

2000 

7.20 

1200 

2000 

7.20 


1000 

3.60 

2000 

1000 

3.60 


100 

0.36 

1800 

1000 

3.60 


100 

0.36 

1630 

1000 

3.60 

1500 

2000 

7.20 

1200 < 

2000 

7.20 

3.60 

2000 

1000 

3.60 


100 

0.36 

1800 

1000 

3.60 


100 

0.36 

1630 

1000 

3.60 

1500 

2000 

7.20 

1200 

2000 

1 7.20 


1000 

3.60 


Inferdiffusion Zone Width 
(cm x 10 3 )* 


4X 2 /t 


(cm x 10 3 ) 4 


Ta Curve 

W Curve 

(To Curv 

e) 

(W Curve) 

□ 4.75 
1.79 
3.36 
1.77 

+ 

+ 

H>5.62 

2.21 

3.08 

1.97 

__4 

□6.27 x 1 
8. 89 x 1 
3.14 x 1 
4. 36 x 1 
.. + 
+ 

o~»* 

o’ 12 

v 16 
2 

08.79x 10" 
1.36 x 10" 
2.63 x 10' 
5.40 x 10” 
mm + 

4 

■ 5.95 
2.14 
3.97 
1.67 

+ 

+ 

-#-6. 28 
2.06 
4.07 
1.56 

__4 

■ 9.83 x 1 
1.27 x 1 
4. 37 x 1 
3.88x1 

0-12 

0-n 

0' 12 

0-13 

+1.09 x 10" 1 
1.20x 10 
4. 60 x 1 0* 
3.38 x 10“ 

4 

4 

O 24. 47 
5. 43 
5.77 

1. 50, 1.64 

2.37 

1.45 

+ 

+•20. 61 
6.30 
5. 71 

2.34, 1.88 

2.82 

1.74 

__4 

__4 

01.68 x 1 

8. 19 x 1 
9. 23 x 1 
6.25,7.47 

1.56 x 1 
2.92 x 1 
— + 
+ 

o-n 
o-n 
0-12 
-12 
x 10 

o-i 2 
0- 13 

<>1.18 x 10' 
1. 10 x 10” 
9.06 x 10- 

1.52 x 10" 
9. 83 x 10~ 
2.21 x K) _ 
4. 18 x 10” 

__4 

__4 

• 22. 83 
6.94 
6.24 

2.50, 1.91 
3.46 
1.42 

+25.21 

6.58 

6.16 

2.61,2.96 

3.40 

1.70 

— 4 

• 1.45 x 1 
1.34 x 1 
1.08 x 1 

1.73,1.01 
3. 33x 1< 

2.80x1 

0-10 

0-10 

o-n 

,1.89 

J-12 

O’ 13 

+1.77 x 10"' 
1.20 x 10' 1 
1.06 x 10 _1 
2.43 x 10'J 
3.22 .s 10 
4.02 x 10" 1 

—4 


Zone width - cm x 10^, l. t. , 1. 77 = 1. 72 x 1(T J cm 
Zone widths also corrected for os -welded condition 
W Qfc = arc cast tungsten 

- chemical vapor deposited tungsten, trom WF^, OCui me*. 
Insufficient intend If fusion for accurate analysis. 
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or interconnecting voids were observed. Since Kirkendall voids did form to a slightly greater 
extent in tantalum-10 tungsten, only the additions of hafnium or rhenium to T-l 1 1 or ASTAR - 
81 1C could have been responsible for the reduced void structure in these alloys. 

Boltzmann-Matano diffusion analysis was not performed on the T-l 11, ASTAR811C to tungsten 
interdiffusion couples since the effects of ternary additions (hafnium, rhenium) appeared to 
perturb the systems from true binary behavior. 

3. Tantalum -Rhenium Systems 

The tantalum-rhenium systems diffusion couples form an intermediate phase (x) interdiffusion 
zone. All junctions were formed by autoclave HIP-welds, resulting in minimal zero condition 
interdiffusion zones. Tantalum and tantalum-10 tungsten were joined to CVD and powder 
metallurgy product rhenium. Microprobe trace measured as-welded zero condition zone 

_3 

widths were 0. 66 x 10 cm. Extrapolations of measured interdiffusion zone widths (from 
samples aged at 1800 and 2000°C) to time zero resulted in intercepts at 0. 60 to 1 . 00 x 10 cm 
(Figure 44 ). Analysis of tantalum and tantalum-10 tungsten to powder metallurgy and 
CVD rhenium Interdiffusion zone widths is summarized in Table 25. The tantalum-10 tungsten 
alloy forms a ternary couple with rhenium but was included in this couple system since the 
tungsten was not expected to contribute the deviations that hafnium would (T-l 1 1 , ASTAR81 1C). 

Figure 45 shows that very little scatter existed T or this system, and that there is no obvious 
difference between the systems. A slight tendency for powder metallurgy rhenium couples to 
exhibit larger interdiffusion zone widths could be due to statistical scatter. A grain boundary 
diffusion effect for preferentially oriented CVD rhenium grains was not discerned nor did the 
presence of tungsten (alloy constituent) influence the interdiffusion zone widths. Interdiffusion 
zones at low temperatures (1500, 1200°C) possessed more statistical scatter, but this was due 
to measured zone widths being of the same order of magnitude as zero condition zone widths. 
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Figure 44. Extrapolation of Measured Interdlffuslon Zone Widths to Zero Time 
to Establish Zero Condition for the Tantalum-Rhenium System 
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Table 25. Tantalum-Rhenium Couple Systems 
Corrected Interdiffusion Zone Widths 


Tantalum 

Couple 


Ta/R< 


** 


powder 


TaAe CV*D* 


Ta-10W/R<= 


ra-10WAe CVD 


Age 

Temp. 

(°C) 

Age Time (t) 

AX 

Interdiffusion 
Zone Width 
(cm x 10 3 )* 


_ (hrSx )_ 

1 

RRmI 





Re 

Ta 


1800 

1000 

3. 60 

• 

11.57 


3.72 x 10" 


100 

.36 


4. 22 

— 

4.95 x 10" 

1630 

1000 

3.60 


6.00 

— 

I.Ox 10" 1 

1500 

2000 

7. 20 


3.16 


1.38 x 10“ 

1200 

2000 

7. 20 


0.46 


2.98 x 10“ 


1000 

3.60 


0. 38 

— 

4. 01 x 1 0“ 

1800 

1000 

3.60 

O 

11.79 


3.86 x 10" 


100 

.36 


4.16 

— 

4.81 x 10“ 

1630 

1000 

3. 60 


5.12 

— 

7.29 x 10“ 

1500 

2000 

7.20 


2.99 

— 

1.24 x 10“ 

1200 

2000 

7. 20 


0.65 

— 

5.93 x 10" 


1000 

3.60 


0.34 

— 

3.21 x 10" 

2000 

1000 

3.60 

■ 

26.64 

+25.84 

1.97 x 10“ 


100 

.36 


7.94 

8.42 

1.75 x 10" 

1800 

1000 

3.60 


10. 55 

11.17 

3.09x 10" 


100 

.36 


3. 38 

4.04 

3.18x 10" 

1630 

1000 

3.60 


5.76 

6.48 

9.23 x 10" 

1500 

2000 

7.20 


5.02 

5.05 

3.50x 10" 

1200 

2000 

7.20 


0.64 

0.51 

5. 70 x 10" 


1000 

3.60 


0.56 

0.43 

8.73 x 10" 

2000 

1000 

3.60 

□ 

26.19 

■1^25.84 

1.91 x 10“ 


100 

.36 


8.24 

8.45 

1.89 x 10“ 

1800 

1000 

3.60 


8.73 

9.24 

2.12 x 10" 


100 

.36 


3.12 

3.34 

2. 70 x 10" 

1630 

1000 

3.60 


5.80 

6. 09 

9. 35 x 10": 

1500 

2000 

7.20 


3.47 

3.73 

1.67 x 10" 

1200 

2000 

7. 20 


0.39 

0.43 

2.12 x 10"' 


1000 

3.60 


0.34 

„■ f 

3.21 x 10’ 1 


AX 2 / 1 


(cm /sec) 


2 


.-11 


-H 

-14 


)“10 i 86 x 10“^® 

■'-10 i.oo x iu_. Q 

' ,U 1.97x 10 , 

3.47 x 10" 

4. 53 x 10* 
1.17 x 10" I 

3. 54 x 10"'^ 
3.64 x 10 * 
5.14 x 10 


1.85 


x lO” 1 ^ 
1.98 x 10*!? 
2.38 xio; 

l0 -ll 

' 0.2 

,0 I4 


3. 10 x 
1.03 x 
1.93 x 

2. 57 x 10 

+ 


l i 


** 


*** 


Zone width = cm x 1 0^, i. e. , 1 . 72 = 1 . 72 x 1 0“^ cm 
Zone width also corrected for as-welded condition 
Repowder = m ®tallu |r 9y product rhenium 

Re^yp = chemical vapor deposited rhenium 

Not analyzed. 


i 

J 


99 















Astronuclear 
O' Laboratory 


Least squares computer analysis established the tantalum-rhenium intendiffusion model as: 


In (“") = - 


35,020 (+ 1100) 


- 7. 102 (+ 0.098) 


( 19 ) 


where AX is the net interdiffusion zone width (affected zone) in centimeters, t is age time 
in seconds, and T is age temperature in °K. Ninety-five percent confidence limits are 
shown. Literature reviews did not reveal other sources of zone width information for this 
system. 


Figure 46 presents the interdiffusion zone width information as a function of age time, 
and extrapolations to long age times are provided with equation (19) from Figure 45. 

A least squares fit correlation coefficient of 0. 971 was found for equation (19). 

Although Kirkendall voids were not observed in this system for the age times and temperatures 
employed, photomicrographs revealed a brittle X phase in the interdiffusion zone. Cracks 
in the x phase were generally parallel to the weld zone and were not consistent in their 
appearance in the aged couples, i. e. , some couples possessed cracks after 1000 hours at 
1630°C, while some aged for 1000 hours at 1800°C and did not. Wiether the cracks existed 
prior to/or were caused by metallographic treatment was not resolved. Figure 47 shows the 
uncracked X phase interface after ageing a tantalum-CVD rhenium couple for 1000 hours at 
1800°C. The holes in the CVD rhenium are the result of a deposition step and are not 
Kirkendall effects. Figure 48 illustrates the type of cracks appearing in the tantalum- 
10 tungsten/CVO rhenium system after ageing for 1000 hours at 2000°C. 


For Boltzmann-Matano analysis of the tantalum-rhenium system, only pure tantalum to rhenium 
was considered. Electron microprobe spot count traverses were made on samples:* 


3CA-6 

1800°C 

1 000 hours 

3CA-3 

1630°C 

1 000 hours 

3CA-1 

1200°C 

1 000 hours 


* foort II, Appendix F, Diffusion Couple Age/Identification Chart. 
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Figure 47. Tantalum-CVD Rhenium X-Phase Interdiffusion Zone 

After Ageing at 1800°C for 2000 hours (4CA-6) at 200X 


Ta-lOW 


Re(CVD) 


Figure 48. The Tantalum-10 Tungsten/CVD Rhenium Cracked X-Phase 
Interdiffusion Zone After Ageing at 2000°C for 1000 hours (4DA-8) at 200X 
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and the Colby MAGIC* corrected concentration profiles were loaded into the Hartley** 
Boltzmann -Matano analysis computer program after being fitted, in probability coordinates, 
for curve smoothing. Figure 49 illustrates the microprobe corrected interdiffusion con- 
centration profile of sample 3CA-6 as presented by Calcomp plot subroutine. Figure 50 
presents the smoothed concentration profile generated by the least squares fit routine (in 
probability coordinates) of the Hartley program. The two X phase concentration discontinuities 
agree rather well with published phase diagrams for rhenium-tantalum. Figures 51, 52 
and 53 present the interdiffusion coefficient as a function of rhenium concentration at 1200, 
1630, and 1800°C. The absence of the interdiffusion phase regions in Figure 51 is due to 
the small interdiffusion zone and the steep (few data points) concentration gradient found at 
1200°C (i. e. , X phase discontinuities were not discernable). 

Figure 54 presents the Arrhenius interdiffusion relation for tantlum-rhenium interdiffusion 
as resolved in this study. The interdiffusion coefficients fall closely below that for tantalum 
self-diffusion and are plotted as mean D values for each phase region. Self-diffusion data 
for rhenium was not found in the literature. Difficulty was encountered in resolving D for 
the a phase (~ 99-100 atomic percent Re) due to the limited size of the phase field and the 
lack of data points in it and also due to the distortions which occur in the analytical code 
near phase boundaries. The interdiffusion coefficient can be expressed for each phase as: 


<j£ ) = 3 - 71 ’‘ ,0 " 6 • xp [‘TT 5 ] (20) 

5 *<Sr >- 2 - 2, ’‘ , °' 5 «p [-nsr 2 ] < 2 » 

for the concentration (phase) regions of the phase diagram where they apply, and where T is 
in °K and R is the gas constant (1. 987 cal,/mole-°K). 

* Part II, Appendix J, Colby Computer Program for Correcting Microprobe Intensity Analysis. 

** Part II, Appendix H, Hartley Computer Program *or Boltzmann-Matano Diffusion Analysis. 
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Figure 49. Colby MAGIC Corrected Input Profile to Hartley Boltzmann-Matano Program 
for Tantalum-Rhenium Inteidlffuslon at 1800°C for 1000 hour* (3CA-6) as Plotted by Calcomp 
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Figure 51. Tantalum-Rhenium In tt diffusion Coefficient or 1200°C (3CA-1) 
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Figure 52. Tontalum-Rhenlum Interdtffusion Coefficient ot 1630°C (3CA-3) 
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Figure 54. Arrhenius Interdiffusion Coefficient-Temperature Relation 
for the Tantalum-Rhenium System 
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4. Tantalum Alloy-Rhenium Systems 

The tantalum alloy-rhenium systems diffusion '“ouples form an intermediate phase (X) inter- 
diffusion zone. The T-l 11 alloy-rhenium (CVD and powder metallurgy product) junctions 
were formed by autoclave HIP-welding, whereas the ASTAR 8 HC-rhenium junctions were 
formed by hot press joining. Microprobe trace as-welded diffusion zones for the T-l 1 1 

_3 

junctions were 0. 72 x 10 cm, while those for the hot press joined ASTAR811C junctions 

_3 

were 1.34x 10 cm. Extrapolations of measured interdiffusion zone widths (from samples 
aged at 1800 and 2000°C) to time zero resulted in intercepts at 0. 90 to 1. 80 x 10 cm 
(Figure 55). Analysis of T-111 and ASTAR811C to powder metallurgy and CVD rhenium 
interdiffusion zone widths is summarized in Table 26. 


Figure 56 shows that very little scatter existed for this system and that there is no detectable 
difference between the systems. A grain boundary diffusion effect for preferentially oriented 
CVD rhenium grains was not discerned, nor did the difference in alloy base (Hf, Re) constituents 
influence the interdiffusion zone widths. Least squares computer analysis established the 
tantalum alloy-rhenium interdiffusion model as 


In ( ^).-?,»0(il730) - 6, 449 (+ 0. 137 ) 


where AX is the net interdiffusion zone width (affected zone) in centimeters, t is the age 
time in seconds, and T is the age temperature in °K. Ninety-five percent confidence limits 
are shown. Literature reviews were unable to reveal other sources of information for this 
system for comparative purposes. 

Figure 57 presents the interdiffusion zone width information as a function of age time, 
and extrapolations to long age times are provided with equation (22) from Figure 56. 

A least squares fit correlation coefficient of 0. 939 was found for equation (22). 




Figure 55. 
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Table 26. Tantalum Alloy-Rhenium Couple Systems 
Corrected Interdiffusion Zone Widths 


Tantalum 

Alloy 

Couple 


l 


, T-111/Re .** 

! powder 




ASTAR/Re 


powder 


ASTAR/R^.y D 


Age 

Temp. 

(°C) 


1800 

1630 

1500 

1200 


1800 

1630 

1500 

1200 


2000 

1800 

1630 

1500 

1200 


2000 

1800 

1630 

1500 

1200 


Age 1 ime (t) 


(hrs. ) 


1000 

100 

1000 

2000 

2000 

1000 


1000 

100 

1000 

2000 

2000 

1000 


1000 

100 

1000 

100 

1000 

2000 

2000 

1000 


1000 

100 

1000 

100 

1000 

2000 

2000 

1000 


(sec. 
x 10 -6 ) 


AX 

l.iterdiffuslon 
Zone Width 
(err x 10 2 )* 


Re 


3.60 
.36 
3.60 
7. 20 
7. 20 
3.60 


3.60 
.36 
3.60 
7. 20 
7.20 
3.60 


3.60 
.36 
3.60 
.36 
3.60 
7. 20 
7. 20 
3.60 


3.60 
.36 
3.60 
.36 
3. 60 
7. 20 
7. 20 
3.60 


10.36 
4. 09 
5.14 

3.24 

„+ 

+ 


ft-10.51 
3.99 
5.41 

3.29 
__+ 


9.71 
4.16 
5.27 
3.32 
__+ 
— + 


26.88 

8.57 

3.35 

6.40 

2.71 

0.61 

0.35 


• 27.56 
7.56 

2.85 

6.20 

1.92 

0.45 

0.23 


Ta 


*9.65 
3.52 
5.75 
3.16 
__+ 
+ 


k>27.47 
8.76 

3.62 
6.06 
2.57 
0.80 
0.35 


AX2/t 


(cm 2 /sec) 


Re 


2.98 x 10 
4.65 x 10 
7. 35 x 10' 
1.46 x 10 

„+ 


r rr 

r> 2 

-12 


2.62 x 10' 
4.81 x 10“' ' 
7.72 x 10* 12 
1.53 x 10' 12 

+ 


2.01 x 10' 10 
2.04 x 10“ 10 


Ta 


3. 07 x 10'! ! 
4.43 x 10' ' 
8. 14 x 10~!f 

1.51 x 10" 

+ 


2.59 x 10' 11 
3.44x 10"JJ 
9. 1 9 x 1 0' ' 2 
1.39 x 10' 12 

+ 

+ 


2.09 x 
2. 13 x 


10'1° 

10 - 1 ° 


Cocked In Age Furnace 


I+-28.58 
8.81 

2.85 
6.11 
1.82 
0.41 
0.31 


3.12x 10' n 
1.14x 10']J 
1.02 x 10"' 2 


5.09 x 10 
3. 40 x 10 


,-14 

-14 


2. 11 x 10" 


1*10 

1.59 x 10" 10 
Cracked durina.ag 
‘ 2.26 x 10 ,r 
1. 07 x 10'! I 
5.12x10“ ' j 

2 . 82 * 10 ;J 

1.47 x 10 


3.64 x 
1.02 x 
9. 17 x 
8. 90 x 
3. 40 x 


-11 

-11 

-13 

-14 

-14 


2.27 x 

2. 16 x 

2.26 x 
1.04 x 
4.61 x 
2. 34 x 
2.67 x 


10 

10 

10 

10 

10 

10 

10 


-10 

-10 

11 

-11 

13 

-14 

-14 


** 

*** 


Zone width = cm x 1 0 , 1. e. , 1 . 72 = 1 . 72 x 1 0"^cm 
Zone width also corrected for as-welded condition 
Repowder = P° w<| l* r rhenium metallurgy product 
R*CVD = chemical vapor deposited rhenium 
Insufficient interdiffusion for accurate analysis 
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« 57. Illustrating Extrapolation of Zono Widths to long Age Times 
for Tantalum Alloy (T-111, ASTAR81 1 C)-Rhenlum Inte, diffusion 




A Kirkendall void structure was not observed in the tantalum alloy-rhenium couple inter- 
diffusion zones. ASTAR811C couples to CVD, and powder metallurgy rhenium possessed 
long cracks through the interdiffusion zone after ageing at 2000 and 1800°C for 1000 hours 
( Figure 58) but possessed no cracks after short 100 hour age at these temperatures. The 
T-l 1 1 couples aged at 1800°C for 1000 hours did not crack in the interdiffusion zone (Figure 
59). It is probable that some interdiffusion zone width must be exceeded before cracking 
(thermal stress induced) will occur, and the additional presence of rhenium in ASTAR81 1C 
(over T-l 1 1 ) causes it to have a lower crack threshhold. 

Boltzmann-Matano diffusion analysis was not performed on the T— 1 11, ASTAR811C to rhenium 
intendiffusion zones since the effects of ternary and higher elemental additions could not be 
adequately described by the limited number of couple (alloy) combinations employed here. 

C. MOLYBDENUM-RHENIUM SYSTEMS 
1 . Molybdenum-50Rhen?um to Tungsten Systems 

The molybdenum-50rhenium to tungsten (arc cast and CVD) diffusion couples form inter - 

mediate phase (discontinuous concentration profile) interdiffusion zones. Both tungsten 

system couples were formed by hot press joining. Microprobe trace measured as-welded zone 
-3 

widths were 2. 2 x 10 cm. Figure 60 shows that an extrapolation of measured interdiffusion 
zone widths for 1800°C ages to time zero results in an intercept at 2. 2 x 10 ^cm. Analysis of 
molybdenum-60 rhenium Snterdiffusion with tungsten (arc cast and CVD) is summarized in 
Table 27. 

Figure 61 shows that very little scatter existed for this system and that no discernible 
differences were found between the tungsten systems. A grain boundary diffusion effect for 
preferentially oriented CVD tungsten grains was not found. The interdiffusion zone widths 
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Figure 58. Illustrating Crack in Interdiffusion Zone (X Phase) of 
ASTAR811C-CVD Rhenium Diffusion Couple After Ageing at 2000°C 
for 1000 hours (4FA-8) at 200X 



Figure 59. I nterdtf fusion Zone (X Phase) in T-1 1 1 -Rhenium 0 

(powder metallurgy product) Diffusion Couple After Ageing ot 1800 C 
for 1000 hours (3EA-6)ot 200X 
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Table 


Mo-50Re 

Alloy 

Couple 


Mo-50Re/W ** 
arc 


27. Mo-50Re/Tungsten-Rhenium Couple Systems 
Corrected Interdiffusion Zone Widths 

. .... , 4 LX AX 2 /t 


(cmVsec) 


Ane 

Age Time (t) 

“y® 

Temp. 

(°C) 

(hrs. ) 

(sec. 

xIO -6 

2000 

1000 

3.60 


100 

.36 

1800 

1000 

3.60 


100 

.36 

1630 

1000 

3.60 

1500 

100 

.36 

2000 

1000 

3.60 


100 

.36 

1800 

1000 

3.60 


100 

.36 

1630 

1000 

3.60 

1500 

100 

.36 

2000 

1000 

3.60 


100 

.36 

1800 

1000 

3.60 


100 

.36 

1630 

1000 

3.60 

1500 

2000 

7.20 

1500 

100 

.36 

2000 

1000 

3.60 


100 

.36 

1800 

1000 

3.60 


100 

.36 

1630 

1000 

3.60 

1500 

2000 

7.20 

1500 

100 

.36 


LX 

Interdiffusion 

Zone Width 

(cm 

x 10 J ) 

w 

Re 

o 96.60 

104.60 

23.75 


40.20 

38.6 

14.69 

11.23 

15.79 

15.79 

2.09 

1.35 

■ 108.5 

98.2 

32.0 

29.30 

39.70, 

16.15 

42.30 


10.94 

10.11 

16.81 

17.42 

1.41 

0.49 

□ ~ + ** 

43.24 


11.12 


16. 59 

__+** | 

5.88 


10.93 


8.54 

— +** 

2.09 

• ..+** 

35.53 

..+** 

11.23 

%** 

mm 

15.42 

mm 

6.90 

— +** 

10.89 

..+** 

8.14 

+** 

mm 

1.62, 1.42 


Zont width 5 cmx 10^, I. e. # 1. 72 = 1. 72 x l(T^em 

Zone width olio corrected for ot-welded condition 

W Qre * arc east tungsten 

W^yp * chemical vapor deposited tungsten 

** powder = P ow de f mefollurgy ihenlum 

RecvD * chemical vapor deposited rhenium 

Not analyzed 


2.56 x 

1.57 x 
4. 49 x 
6. 00 x 
6. 93 x 

1.21 x 

3. 27 x 
2.85 x 
4. 38 x 
4. 97 x 
3. 32 x 
7, 85 x 
5. 52 x 


3.04 x 10 
+** 


4. 14 x 

3. 50 x 
6. 93 x 

5.06 a 

2.71 x 
2.39 x 
7. 25 x 

2. 84 x 

8. 43 x 
6.67 x 

5. 20 x 

3.44 x 
7.65 x 

9.61 x 

3. 32 x 
1.01 x 

3.51 x 
3. 50 x 

6.61 x 

1. 32 x 

3. 29 x 

9. 20 x 

7.29 x 
5. 56 x 
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measured were large compared to those of other systems, and since they exceeded zero time 
as-welded conditions by one order of magnitude, the result was very little data scatter. Least 
squares computer analysis established the molybdenum-50 rhenium/tungsten interdiffusion 
model as 


|n( AX 2 ) _ 45, 140 (+4500) 


+ 0.155 (+0.192) 


(23) 


where AX is the net interdiffusion zone width (affected zone) in centimeters, t is oge time 
in seconds, and T is age temperature in °K. Ninety-five percent confidence limits are 
shown, literature reviews did not reveal other sources of information for this system for com- 
parison purposes. 


Figure 62 presents the interdiffusion zone width information as a function of age time, 
and extrapolations to long age times are provided with equation (23) from Figure 61 . 

A least squares fit correlation coefficient of 0. 894 was found for equation (23). 

Only tungsten concentration profiles were analyzed for Figures 61 and 62 since they 
formed the largest interdiffusion zone widths, and the rhenium zone widths were generally 
less than or equal to those of the tungsten trace. The tungsten zone widths exceeded those 
of rhenium at high temperatures and equaled them at law temperatures. This variation resulted 
because the molybdenum-50rhenium/tungsten diffusion couple is a strong ternary system. 
Whereas the diffusion path in a binary system is constant, that In a ternary system Is variable. 
Figure 63 represents a typical interdiffusion concentration path in o ternary system. This 
sinusoidal effect is due to the different mobilities of the ternary constituents. If several 
phose fields were present tn Figure 64, then the diffusion poth would follow tie lines 
through two phase regions and could trace o surprisingly extended poth. If C (tn Figure 
63) were tungsten, and A and B were molybdenum and rhenium, the interdiffusion poth, 
which occurred in couples of tungsten to molybdenum-50rhenium would fallow the trends 
exhibited. However, as Figure 64 demonstrates, a two phose field is intercepted by the 
fntaidtffuston poth, and on intermediate phose (e) Is created in the interdiffusion zone. 
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2 . Illustrating Extrapolation of Zono Widths to Long Ago Timos for 
Molybdonum-50RhoniomAungston Intordlffuslon 
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As exhibited in Figure 64, the diffusion path initially parallels the tungsten -molybdenum 
base of the ternary phase diagram, resulting in changes in tungsten and molybdenum concen- 
tration but following iso-rhenium concentration lines. Since molybdenum has the lowest 
melting point on its side of the interface, its preferred interdiffusion (higher mobility) with 
tungsten would be expected. The sinusoidal diffusion path is shallower at lower temper- 
atures, resulting in more equal interdiffusion zone widths for tungsten and rhenium traces. 

Binary Boltzmann-Matano interdiffusion analysis was not performed in this system due to its 
ternary character. Ternary Matano analysis could not be performed without significantly 
more couple combinations of varying composition for each age temperature. 

Meta I log ra phi c study of the interdiffusion zones for the couples of this system did show an 
intermediate phase in the interdiffusion zone. Figure 65 shows such a zone ( <r phase) for 
a molybdenum-50 rhenium/tungsten couple aged at 1800°C for 100 hours. Kirkendall voids 
were not observed in the interdiffusion zone of this system. Interdiffusion zone cracking 
did not occur for any of the age temperatures or age times. 

2. Molybdenum-50Rhenium to Rhenium Systems 

The molybdenum-50rhenium to rhenium system diffusion couples form an Intermediate phase 
(®,X ) interdiffusion zone. All junctions were formed by autoclave HIP-welds, resulting in 
min*mal interdiffusion zones. Molybdenum-50rhenium was joined to CVD and powder metal- 
lurgy product rhenium. Microprobe trace measured as-welded zero condition zone widths 

_3 

were 0.66 x 10 cm. Analysis of the interdiffusion zone widths for this system are presented 
in Table 27. (See Section C. 1 , Molybdenum-50 Rhenium to Tungsten Systems. ) Only rhenium 
concentration profiles were traced for this binary system. 




MCTOW CBOMS" 



Figure 65. An Intermediate Phase (e) Exists in the Interdiffusion Zone of the 
Molybdenum-50Rhenium/T ungsten Couple Aged at I800°C 
for 100 hours (1 IA-3). View at 200X 


125 


1 I 




i 1 jin — ■ 



Figure 66 shows that very little scatter existed for this system and that there is no dif- 
ference between the systems. A grain boundary diffusion effect for preferentially oriented 
CVD rhenium grains was not observed. Least squares computer analysis established the 
molybdenum-50rhenium to rhenium interdiffusion model as: 

In _ 8 480 ^ a ] 47) (24) 

where AX is the net interdiffusion zone width (affected zone) in centimeters, t is age time 
in seconds, and T is age temperature in °K. Ninety-five perc it confidence limits are 
shown. The interdiffusion zone width, AX, extends from 50 to 100 weight percent (33 to 
100 atomic percent) rhenium. Literature reviews did not reveal other sources of zone width 
information for this system. 


Figure 67 presents the interdiffusion zone width information as a function of age time, 
and extrapolations to long age times are provided with equation (24) from Figure 66. 
A least squares fit correlation coefficient of 0. 929 was found for equation (24). 


Although Kirkendall voids were not observed in this system for the age times and temper- 
atures employed, photomicrographs did reveal a wide interdiffusion zone with a and X 
phases present (Figure 68). Interdiffusion zone cracking only occurred for the ages at 
2000°C (Figure 69). 


For Boltzmann-Matano analysis of the molybdenum-50rhenium to rhenium system, only 
rhenium concentration traces were analyzed. Electron microprobe spot count traverses 
were made on samples*: 


3IA-6 

3IA-5 

4IA-1 


2000°C 

1800°C 

1500°C 


1 00 hours 
1 000 hours 
100 hours 


Fart II, Appendix F, Diffusion Couple Age/Identification Chart 
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Figure 


68. The Molybdenum-50Rhenium to CVD Rhenium Interdiffusion Zone 
After Ageing at 1800°C for 1000 hours (4IA-5) at 200X 



Re(p) 


Mo-50Re 


Figure 69. The Type of Cracking Which Occurred in the Molybdenum 
50Rhenium to Rhenium Interdiffusion Zone After Ages at 2000°C 
(Couple 3IA-7, 2000°C, for 1000 hours at 200X) 
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and the Colby MAGIC* corrected concentration profiles were loaded into the Hartley** 
Boltzmann-Matano analysis computer program after being fitted, in probability coordinates, 
for curve smoothing. Interdiffusion phase concentrations (limits) did not correspond to that 
for published phase diagranis.^ For instance, at 1500°C the a and X phase regions should 
extend from .52 to. 68 and .72 to .78 atom fraction rhenium, respectively. Concentration 
ranges in sample 4IA-1 were . 55 - . 58 and . 64 - . 76 atomic fraction rhenium, respectively. 
This could be because the system was dynamic, and equilibrium conditions had not been 
established. Figures 70, 71, and 72 present the interdiffusion coefficients for this system 
as plotted by computer subroutine. 

Interdiffusion coefficients at 1500°C (Figure 70 ) were only accurate in the X phase due 
to the small a phase limit and due to the previously described limited phase extent of the o 
phase (0.72 - 0.78 atom fraction rhenium). Interdiffusion coefficients at 1800 and 2000°C 
were more accurately derived from larger phase field regions. 

Figure 73 presents the Arrhenius interdiffusion relation for the molybdenum-rhenium 
system. The interdiffusion coefficients cross that for molybdenum self-diffusion, and are 
plotted as mean D values for each phase region. Self-diffusion data for rhenium was not 
found in the literature. Due to the scatter in the calculated D values, Arrhenius form pre- 
dictive equations were not derived from Figure 73. The scatter is due to the difficulty 
in establishing D values at 1500°C and to the small X phase field at higher temperatures. 

The molybdenum-50rhenium to rhenium interdiffusion coefficient at 1500 to 2000°C is in 
*11 “12 2 

the 10 to 10 cm /sec range. 

3. Tungsten-Rhenium-Molybdenum to Tungsten 

The tungsten-30. 9rhenium-20. 1 molybdenum alloy to tungsten (CVD, arc cast) system dif- 
fusion couples form solid solution interdiffusion zones. Couples for this system were formed 

*Fart II, Appendix J, Colby Computer Program for Correcting Microprobe Intensity Analysis. 
**Fart II, Appendix H, Hartley Computer Program for Boltzmann-Matano Diffusion Analysis. 
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Figure 73. Arrhenius Interdlffuslon Coefficient-Temperature Relation 
for the Molybdenum-Rhenium System 
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by hot press joining. Figure 74 illustrates that an extrapolation of measured inter- 
diffusion zone widths (AX meas) for 1800°C ages to time zero results in an intercept at 
*3 

1. 45 x 10 cm. This value agreed well with the microprobe trace measured as-welded 

-3 

zone width of 1.40 x 10 cm. Analysis of tungsten-rhenium-molybdenum to tungsten inter- 
diffusion zone widths is summarized In Table 28. 


Figure 75 shows that very little scatter existed for this system and that there is no 
detectable difference between the systems. A grain boundary diffusion effect for prefer- 
entially oriented CVD tungsten grains was not observed, '.east squares computer analysis 
established the tungsten-rhenium-molybdenum to tungsten interdiffusion model as: 

| n(^f)-34,750(.3890)- 7 20g(l0 172) (25) 

where AX is the net interdiffusion zone width (affected zone) in centimeters, t is age time 
in seconds, and T is age temperature in °K. Ninety-five percent confidence limits are 
shown. The interdiffusion zone width extends from 98 to 42 atomic percent tungsten, or 26 
to 2 atomic percent rhenium. Both tungsten and rhenium tnterdiffuston zone widths are 
presented in Figure 75 with no one element being predominant in having a larger zone 
width (i. e. , sinusoidal ternary path). Literature reviews did not reveal other sources of 
zone width information for this system. 

Figure 76 presents the interdiffusion zone width information as a function of age time, and 
extrapolations to long age times are provided with equation (25) from Figure 75. A least 
squares correlation coefficient of Q, 771 was found for equation (25). 

Metal logrophic study of the tnterdiffuston zone revealed that neither Kirkendall voids nor 
intermediate phases were present. Cracking did not occur in the interdiffusion zone. 
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Figure 74. Extrapolation of Measured Interdlffuston Zone Widths to Zero Time to 
Establish As-welded Zone Width for the 
Tungsten -Rhenium-Molybdenum to Tungsten Diffusion Couples 
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Table 28. W-30. 9Re-20. 1 Mo/Tungsten-Rhenium Couple 

Systems Correc ted Interdiffusion Zone Widths 

4X LX 2 A 


W-29Re-18Mo 

Couple 


W-Re-Mo/V/ ** 
arc 


W-Re-Mo/W c *^ 


V/- Re-Mo/Re 


W*Re-MoA«^yQ 


Age Time (t) 


1000 

3.60 

100 

0.36 

1000 

3.60 

100 

0.36 

1000 

3.60 

2000 

7.20 

1000 

3.60 

100 

0.36 

1000 

3.60 

100 

0.3o 

1000 

3.60 

2000 

7.20 

1000 

3.60 

100 

0.36 

1000 

3.60 

100 

0.36 

1000 

3.60 

2000 

7.20 

1000 

3.60 

100 

0.36 

1000 

3.60 

100 

0.36 

1000 

3.60 

2000 

7.20 


LX 

Interdiffusion 
Zone Width 
(cmx IQ" 3 )* 


22.47 •<$- 
8.69 
7.38 
3. 59 
6.17 

4.51 

22.52 + 
10.98 
12.17 
3.64 
6.47 
3.75 


22.97 
8. 39 
7.31 
3.41 
5.62 
4.19 


27.43 

9.68 
18.97 

6.68 

10.07 

7.94 


(cm/sec) 


1.40 x 10 

2. 10 x 10 
1.51 x 10 
3.58 x 10 
1.06 x 10 
2.82 x 10 

!.4p x 10 
3. 36 x 10 

4.11 x 10 
3.68 x 10 
1.16 x 10 

1.96 x 10~ 

2.70 x 10" 
7.14x 10“ 
1.86 x 10“ 

2. 97 x 10' 
6.99x10“ 


2.54 x 10 
1.32 x 10 
1.51 x 10" 
2.65 x 10“ 
1.01 x 10“ 


1.46 x 10 
1.96 x 10" 
1.49 x 10“ 

3.23 x 10“ 
8.77 x 10' 

2.44 x 10“ 

3. 10 x 10“ 

3.44 x 10“ 
5.86 x 10“ 

9.74 x 10“ 
2.66 x 10“ 

3.57 x 10“ 
2.42 x 10“ 
6. 68 x 1 0 - 
1. 84 x 10“ 

2. 11 x 10“ 
7.35 x 10“ 

2.09 x 10" 
2.61 x 10“ 
1.00 x 10“ 

1.24 x 10" 
2.82 x 10" 

8.75 x 10“ 


Zone width = cm x 1 0 , i . e. , 1 , 72 = 1 . 72 x 1 0 cm 
Zone width also corrected for as-welded condition 
W arc = arc cast tungsten 

Wcvd 55 chemical vapor deposited tungsten (W), rhenium (Re) 
Re , = powder metallurgy product rhenium 






















Boltzmann-Matano analysis was not performed for this system since it is a strong ternary 
system, and diffusion couples of several compositions would have been required. 

4. Tungsten-Rhenium-Molybdenum to Rhenium 

The tungsten-30. 9rhenium-20. 1 molybdenum alloy to rhenium (CVD, powder metallurgy 
product) system diffusion couples form intermediate phase (discontinuous concentration pro- 
file) interdiffusion zones. Couples for this system were formed by autoclave pressure welding. ^ 

-3 

Microprobe trace measured as-welded widths were 0. 72 x 10 cm. Analysis of tungsten- 
rhenium-molybdenum to rhenium interdiffusion zone widths are summarized in Table 28. 


Figure 77 shows that this system had little scatter and that there is no detectable dif- 
ference between the systems. A grain boundary diffusion effect for preferentially oriented 
CVD rhenium grains was not observed. Least squares computer analysis established the tungsten- 
rhenium -molybdenum to rhenium interdiffusion model as: 


AX 2 ,. 28,580 (±3290) 


In (-j- ) = * 


-9.303 (+0.144) 


(26) 


where AX is the net interdiffusion zone width (affected zone) in centimeters, t is age time 
in seconds, and T is age temperature in °K. Ninety-five percent confidence limits are 
shown. The interdiffusion zone width extends from 98 to 26 atomic percent rhenium, or 
from 42 to 2 atomic percent tungsten. Both tungsten and rhenium interdiffusion zone widths 
are presented in Figure 77 with no one element being predominate in having a larger 
zone width (i. e. , sinusoidal ternary path). Literature reviews did not reveal other sources 
of zone width information for this system. 


Figure 78 presents the interdiffusion zone width information as a function of age time, and 
extrapolations to long age times are provided with equation (26) from Figure 77. A least 
squares correlation coefficient of 0. 791 was found for equation (26). 
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Kirkendall voids did not form in the interdiffusion zones of this system. Figures 79 and 
80 illustrate the o and x phases which formed in the interdiffusion zone after ages at 
1800°C. The small porosity on the rhenium side of the interdiffusion zone are the result of 
CVD processes and are not a Kirkendall effect. 

Cracks were only observed in the interdiffusion zones of this sample system after ageing at 
2000°C for 1000 hours. Figure 81 illustrates the small, randomly oriented cracks which occurred 
in the o phase region of this system. The holes in the interdiffusion zone are associated with 
the tungsten-1 percent thoria marker wire and are typical of marker wire effects in this study. 
None of the couples of this system fractured. 

Boltzmann-Matano analysis was not performed for this system since it is a strong ternary 
system, and diffusion couples of several compositions would have been required. 

D. TUNGSTEN TO RHENIUM SYSTEMS 
1 . Tungsten to Rhenium 

The tungsten to rhenium system diffusion couples form an interdiffusion zone with intermediate 
phases. The couples were all formed by hot press joining and were joined in the following 
structures: 

W(arc cast)/Re (powder metallurgy product) 

W(CVD product)/Re (powder metallurgy product) 

W(powder metallurgy product )/Re (CVD product) 

_3 

Microprobe trace measured as-welded zero condition zone widths were 1.77 to 2. 10 x 10 cm. 
Analysis of tungsten to rhenium interdiffusion zone widths are summarized in Table 29. 
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Figure 79. Tungsten-30. 9Rhenium-20. 1 Molybdenum to CVD Rhenium interdiffusion 
Zone After 1 00 hours at 1 800°C (4HA-3) at 200X. 

Note the thin X and wide a phase zones in the couple. 



Figure 80. Tungsten-30. 9Rhenium-20. 1 Molybdenum lo CVD Rhenium Interdiffusion 
Zone after 1000 hours at 180CPC (4HA *4) at 200X. 

The X and o phase zones have grown proportionally from the 100 hour age. 
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Table 29. Tungsten-Rhenium Couple Systems 
Corrected Interdiffusion Zone Widths 


Tungsten/ 

Rhenium 

Couple 


Age 

Temp. 

(°C) 


Age Time (t) 


(hrs.) 


(sec. 
xlO" 6 


) 


AX 

Interdiffusion 
Zone Widjjh 
(cm x 10 3 )* 


AX 2 /t 


(cmVsec) 


** *** 

j W /Re , 
arc powder 


2000 

1800 

1630 

1500 


1000 

100 

1000 

100 

1000 

2000 


3.60 

0.36 

3.60 

0.36 

0.36 

7.20 


34.37 

24.48 

10.83 

2.10 

5.07 

3.09 


3.28 x 10 
1.66 x 10 
3.26 x 10 
1.23 x 10 
7. 15 x 10 
1.33 x 10 


-10 

-10 

-11 

-11 

-12 

-12 


+ *** 

W cvc/ Re 


powder 


! 


2000 

1800 

1630 

1500 


1000 

100 

1000 

100 

1000 

2000 


3.60 

0.36 

3.60 

0.36 

3.60 

7.20 


37.70 

19.85 

13.90 

2.00 

5.15 

2.61 


W 


*** + 


powde/ K *‘ CVD 


2000 

1800 

1630 

1500 


1000 

100 

1000 

100 

1000 

2000 


3.60 

0.36 

3.60 

0.36 

3.60 

7.20 


28.09 

4.70 

8.83 

1.60 

3.76 

2.08 


3. 95 x 
1.09 x 

5.37 x 
1.11 x 

7. 38 x 
9.46 x 


10 

10 

10 

10 

10 

10 


-10 

-10 

-11 

-11 

-12 

-13 


2. 19 x 
6. 14 x 
2. 16 x 
7.11 x 
3. 93 x 
6.02 x 


10 

10 

10 

10 

10 

10 


-10 
-11 
-11 
-12 
-12 
-13 i 


3 -3 

* Zone width = cm x 10 , i. e. , 1 . 72 = 1 . 72 x 10 cm 
Zone width also corrected for as-welded condition. 
** W Qrc = arc cast tungsten product 
*** ^®no d = P ow< ^ er metallurgy rhenium product 
4 W - chemical vapor deposited tungsten product 
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Figure 82 shows that some scatter existed for this system but could not be assigned to any 
material structure differences. The scatter was more pronounced as a result of elevated tem- 
perature ageing than low temperature ageing, contrary to the results for all of the other systems 

(13) 

in this study. Work of Hudson and Yang' ' agrees rather well at elevated temperatures but 
differs by a factor of 3 (in zone width) at lower temperatures. The difference could be the 
result of joining techniques (hot press for this study versus CVD to a substrate) or neglect of 
corrections for as-welded conditions at zero age time. Least squares computer analysis establ- 
ished the tungsten -rhenium interdiffusion model as: 


-4. 464 (.0.332) 


(27) 


where AX is the net interdiffusion zone width (affected zone) in centimeters, t is age time Sn 
seconds, and T is age temperature in °K. Ninety-five percent confidence limits are shown. 


Figure 83 presents the interdiffusion zone width information as a function of oge time, 
and extrapolations to long age times are provided with equation (27) from Figure 82. 

A least squares fit correlation coefficient of 0. 584 was found for equation (27). 

Metallographic investigation of the interdiffusion zone revealed that Kirkendall voids did not 
occur in this system. Botha and X phases were observed in the interdiffusion zone (Figure 
84). Interdiffusion zone cracks were not observed in any of the couples for this system. The 
CVD tungsten developed a definite grain boundary related porosity after 2000 hours at 2000°C 
(Figure 85). This porosity was probably the result of the CVD process (fluorine content), 
but did not adversely perturb the Interdiffusion characteristics of the couple system. The voids 
present in the interdiffusion interface (Figure 85) only occurred in the areas where CVD grain 
boundary porosity occurred. Similar porosities were not observed in the CVD rhenium couple 
material but were present to a lesser extent in the powder metallurgy tungsten material. 
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Flgur# 83. Illustrating Extrapolation of Zono Widths to 
Long Ago Ttmos for Tungston-Rhonlum Intoidlffuslon 
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Figure 84. Thee and X Phases were Present in All Tungsten to Rhenium Interdiffusion 
Zones. This couple (2JA-4) aged at 1800°C for 1000 hours (at 200X). 



Figure 85. Grain Boundory Porosity Occurred in the CVD Tungsten Couple 
Tungsten Couple Moteriols offer 1000 hours ot 2000°C 
(Couple 2JA-* at 200X) 
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Perusal of Figures 84 and 85 will reveal that the x phase does not appear to be present 
after 2000°C ageing. This observation was repeated for all tungsten to rhenium couples for 
2000°C age only. Since published phase diagrams establish a x phase to 2200°C, its absence 
at 2000°C could only be assigned to its small concentration span at this temperature (i. e. , 

73 to 74 atomic percent), and thus low visibility on a concentration gradient trace. However, 
when the relative concentration-distance profiles were plotted on probability paper (Hartley 
Boltzmann -Matano computer analysis), a discontinuity in this concentration area verified the 
existence of the X phase. 

For Boltzmann-Matano analysis of the tungsten-rhenium system, only pure tungsten to rhenium 
was considered. Other couples, such as tungsten to tungsten-25rhenium and rhenium to 
tungsten-25rhen?um form partial couples and will yield the same results. Electron microprobe 
spot c 'mt traverses were made on samples:* 


4JA-6 

2000°C 

1 000 hours 

4JA-4 

1800°C 

1 000 hours 

2JA-1 

1630°C 

1000 hours 


and the Colby MAGIC** corrected concentration profiles were loaded into the Hartley*** 
Boltzmann-Matano analysis computer program after being fitted, in probability coordinates, 
for curve smoothing. Figure 86 illustrates the microprobe corrected interdiffusion con- 
centration profile of sample 2JA-1 as presented by Calcomp plot subroutine. Phases present 
from pure tungsten to rhenium are 0, o , X , a. Figure 87 presents the smoothed concen- 
tration profile generated by the least squares fit routine (in probability coordinates) of the 
Hartley program. The 9 and X phase concentration limits agreed with published phase diagrams. 
Figures 88, 89, and 90 present the interdiffusion coefficient as a function of tungsten 
concentration at 1630, 1800, and 2000°C. Only the a and X phase inte diffusion coefficients 
* Part II, Appendix F, Diffusion Couple Age/Identification Chart. 

** Part II, Appendix J, Colby Computer Program for Correcting Microprobe Intensity Analysis. 
*** Part II, Appendix H, Hartley Computer Program for Boltzmann-Matano Diffusion Analysis. 
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Figure 86. Colby MAGIC Corrected Input Profile to Hartley Boltzmann - 
Matano Program for Tungsten-Rhenium Interdiffujion at 1630°C 
for 1000 hours (2JA-1 ) as Plotted by Calcomp 
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Figure 89. Tungsten-Rhenium I nterdif fusion Coefficient at 1800°C (4JA-4). 
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are piesented In Figure 91 because difficulties were experienced in least squares fitting 
the concentration curve in the 0 (high tungsten) and a (high rhenium) phase regions. 

Figure 91 presents the Arrhenius interdiffusion relation for tungsten-rhenium interdiffusion 
as resolved in this study. The interdiffusion coefficients fall abo\e that for tungsten self- 
diffusion and are plotted as mean D values for each phase region. Self-diffusion data for 
rhenium was not found in the literature but should be larger than that for tungsten. Difficulty 
was encountered in resolving D for the a and 0 phases due to the problem (previously described) 
of curve fitting to the data at 2000°C. The interdiffusion coefficient can be expressed for the 
a and x phases a-.; 

2 

_/l I / < SI II 1 I 

(28) 


D (— ) = 8.81 x 10 4 exp 
o sec 


D y (^- ) = 1.33 x 10 ^ exp 
x sec 


f 73, 500 "1 

r rt J 

r 74, 000 1 

L" R T J 


(29) 


For the concentration (phase) regions of the phase diagram where they apply, and where T is 
in °K and R is the gas constant (1. 987 cal/mole-°K ). 

2 . Tungsten-25Rhenium to Tungsten Sys terns 

The arc cast tungsten-25rhenium alloy to tungsten (arc cast, CVD) system diffusion couples 
formed solid solution interdif fusion zones. Couples for this system were the most difficult to 
autoclave HIP-weld and were all formed by hot press joining. Electron microprobe trace 

_3 

measured as-welded zero condition zone widths were 0.94 x 10 cm. Analysis of the aic cast 
tLngsten-25rhenium alloy to tungsten interdiffusion zone widths are summarized in Table 30. 

Figure 92 shows that some scatter for this system existed at 1500 and 1800 C, but there was 
no detectable difference between the systems. A grain boundary diffusion effect for preferentially 


1&J 


a 








Table 30. W-25Re/Tungsten-Rhenium Couple Systems 
Corrected Interdiffusioi Zor.e Widths 


Age 

W-25Re Alloy Temp. 

Couple (°C) 


W-25Re/W ** 
arc 


W-25Re/W c *^* 


W-25Re/R« 


W-25Re/Re^- VD 2000 


Age Time (t) 

(hrs. ) 

(sec. 
x 10" 6 ) 

1000 

3.60 

100 

0.36 

1000 

3.60 

100 

0.36 

1000 

3.60 

2000 

7.20 

1000 

3.60 

100 

0.36 

1000 

3.60 

100 

0.36 

1000 

3.60 

J2000 

7.20 

1000 

3.60 

100 

0.36 

1000 

3.60 

100 

0.36 

1000 

3.60 

2000 

7.20 

1000 

3.60 

100 

0.36 

1000 

3.60 

100 

0.36 

1000 

3.60 

2000 

7.20 


AX 

Interdiffusion 
Zone Width 
(cm x 10 )* 

W Trace Re 


O 19.21 
6.10 
7.92 

2.37 
2.43 

3_.06_ 

• 19.68 
6.88 
11.15 
1.60 

2.38 
0.85 


61.60 

17.65 

13.90 

2.78 

6.07 

2.86 

46. 30 
11.60 


Zone width = cm x 10 3 , j. e . , 1 . 72 = 1. 72 x 10" 3 cm 
Zone width also corrected for as-welded condition. 
W Qrc = arc cast tungsten product 
Wcvd = chemical vapor deposited tungsten product 
Repowder = P owt * er metallurgy rhenium product 
^ e CVD = c ^ efn ' ca ' vapor deposited rhenium product 


AX 2 /t 


(cm /sec) 


1.03 x 10 
1.03 x 10 

1.74 x 10 
1.56 x 10 
1.65 x 10 
1.30 xJO 

1.08 x 10 
1.32 x 10 
3. 46 x 10 
7.11 x 10 
1.58 x 10 

1.01 x 10 

1.06 x 10 

8.65 x 10 
5. 37 x 10 

2.14 x 10 

1.02 x 10 

1. 14 x 10 

5.95 x 10 

3.74 x 10 

1. 79 x 10 

1.65 x 10 
2. 49 x 10‘ 





47,100 (+ 9930) 
T 


- 2 . 199 (+ 0.441) 


o W-25Re/W 

arc 


• W-25Re/W r 
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oriented CVD tungsten grains was not observed. Least squares computer analysis established 
the tungsten-25rhenium to tungsten interdiffusion model as: 

M^)- -Z'ln&SSL. 2.199 t M«) (30) 

where AX is the net interdiffusion zone width (affected zone) in centimeters, t is age time in 
seconds, and T is age temperature in °K. Ninety-five percent confidence limits are shown. 
The interdiffusion zone width extends from 98 to 75 atomic percent tungsten. Since this 
partial tungsten-rhenium couple is a binary system, only the tungsten concentration trace was 
followed, literature reviews did not reveal other sources of zone width information for this 
couple system. 

Figure 93 presents the interdiffusion zone width information as a function of age time, 
and extrapolations to long age times are provided with equation (30) from Figure 92. 

A least squares correlation coefficient of 0. 966 was found for equation (30). 

Metallographic study of the interdiffusion zone revealed that neither Kirkendall voids nor 
intermediate phases were present. Cracking did not occur in the interdiffusion zone. As 
described for the tungsten -rhenium diffusion couple system, grain boundary porosity developed 
in the CVD tungsten structure only after 2000°C ageing for 1000 hours. This porosity did not 
appear to affect the interdiffusion characteristics of the couple system. 

Boltzmann-Matano analysis was not performed for this system since it is a partial couple to the 
tingsten-rhenium couple system, and results would have duplicated this system. 


£- 


3. Tungsten-25Rhenium to Rhenium Systems 

The arc cast tungsten-25rhenium alloy to rhenium (CVD, powder metallurgy product) system 
diffusion couples formed intermediate phase (o , x ) concentration discontinuous profile 


161 








t ‘ 








intend^'-? i on zones. CouDles ; or this system were among the most difficult to ottoc'ove Hl p - 

weld and w^re all : ormci by hot or ess joining. Electron mic.oprobe trace measured os-weidec 

-3 

zero condition zone widths were 1.96 x 10 cm. Analysis of the arc ccs* fungsten-25rbenier 
alloy to rhenium interdiffusion zone widths are summarized i- Table 30. 


Figure 94 shows that this system possessed above average scatter and that there is a small 
trend for interdiffusion zone widths with powder metallurgy rhenium to be slightly larger than 
those with CVD rhenium. Since grain diameters were equal to or larger than the interdiffusion 
zone widths (Figure 95), this effect .could nnt be assigned to a grain structural dependency. 
The CVD rhenium wos layered due to deposition practices, and one layer junction plane 
paralleled the couple weld plane and occurred within the interdiffusion zone. The small pores 
and deposition disruption associated with this CVD layer zone aauld have contributed to the 
interdiffusion zone widths being smaller for the CVD rhenium couples. 

Least squares computer analysis established the tung*ten-25rhenium to rhenium interdiffusion 
model as: 

.y 2 

In (~) = - 53,990 (+ 11,900 + 2.415 (+ 0.551) (3D 

t Y 

where AX is the net interdiffusion zone width (affected areo) in centimeters, t h age time 
in seconds, and T is age temperature in °K. Ninety-five percent confidence limits are shown. 
The interdiffusion zone width extends from 98 to 25 atomic percent rhenium. Since this partial 
tungsten-rhenium couple is a binary system, only the rhenium concentration trace was followed. 
Literature reviews did not reveal other sources of zone width information for this couple system. 

Figure 96 presents the interdiffusion zone width information as a function of age time, and 
extrapolations to long oge times are provided with equation (31 ) from Figure 94. A least 
squares correlation coefficient of 0. 761 was found for equation (31 ). 
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Figure 95. Tungsten-25Rhenium to Rhenium Interdiffusion Zone Width after l^OO hours 
at 1800°C (3GA-4) at 200X. Note that average grain size equals 
ot exceeds interdiffusion zone width 
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Metallographic study of the interdiffusion zone revealed that neither Kirkendall voids nor 
cracking were present. The X phase: a phase zone width ratio was constant at 1 :5 for the age 
times and temperatures studied. The X phase was not observed metal lographically in those 
samples aged at 2000°C for 100 and 1000 hours. Microprobe concentration traces of the 
2000°C age couples also failed to reveal a definite X phase region. Since published phase 
diagrams establish a X phase to 2200°C, its absence at 2000°C would only be assigned to its 
small concentration span at this temperature (i. e. , 73 to 74 atomic percent), and thus low 
visibility on a concentration gradient trace. Also, since the diffusion coefficient of the X 
phase is slightly larger than that of the a phase (see Tungsten to Rhenium Systems), the a phase 
diffusion should be rate controlling, and a phase should grow at the expense of X phase. 

Boltzmann -Matano analysis was not performed for this system since it I a partial couple to 
the tungsten-rhenium couple system, and results would have duplicated this system. 
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VIII. DISCUSSION OF RESULTS 


The selection of refractory metals and alloys for diffusion couple analysis was based on 
several considerations. Refractory metal structural alloys typical of thermionic support 
materials were joined to pure refractory metals, typical emitter structures, to simulate 
thermionic system application. Also, diffusion couple systems that were not reported in the 
literature were selected. Sufficient alloy family and partial couples* were selected to 
ascertain the effect of varying boundary conditions upon couple interdiffusion characteristics. 
Progressive alloys (Ta, Ta-lOW, T— 1 11, ASTAR-81 1C) were also selected for diffusion 
couples with tungsten or rhenium for similar purposes. 

The diffusion couple systems selected were first joined by hot isostatic pressure welding. 

Lower strength materials such as Cb, Cb-lZr, Ta, etc. were easily welded. Higher strength 
materials required secondary processing at more elevated temperatures (hot press joining) in 
order to achieve 1 (X) percent welded interdiffusion interfaces. In both cases the as-welded 
interdiffusion zone width was minimal with respect to subsequent diffusion age thicknesses. 

Ageing temperatures were selected to span typical thermionic application conditions. Ages 
at 1200°C were not expected to yield substantial interdiffusion zone widths, and age times 
of 1000 and 2000 hours were found in most cases to be marginal for accurate microprobe 
analysis. Ages at 2000°C were 100 and 1000 hours and resulted in substantial interdiffusion 
zone widths whose analysis showed substantially no differences between 100 hour and 1000 
hour interdiffusion constants. The inadvertant shorting of the control thermocouple during 
the 1500°C age cycle was properly rectified by optical pyrometry to 1630°C and was later 
supported by the coincidence of the 1630°C data with diffusion characteristics at 1200, 

1500, 1800, and 2000°C (i.e.. In (AX 2 /t) vs. 1/T correlations). 


* 


Where W/Ta is a full couple, W/Ta-lOW is a partial couple, etc. 
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All interdiffusion zone width parameters followed the relation 


In ( 



= A + 


B 

T 


( 32 ) 


where AX is zone width in centimeters, t is age time in seconds, and T is age temperature 
in degrees Kelvin. Graphical presentation of experimental interdiffusion data as 



1 _ 

T 


( 33 ) 


and 

I n (AX) vs I n (t) 1 ^ 2 (34) 

showed good correlation to equation (32). Table 31 presents the parameters A and 
B (in equation 32 ) for the interdiffusion couple systems of this study. Correlation coef- 
ficients were good considering the small number of data points available. Most of the 
correlation coefficients were 0.8 or better. 


Classic interdiffusion coefficients were only calculated for a few of the systems. Fcr instance, 

W/Cb, W/Ta, etc. were analyzed for D, but not W/Ta-lOW or similar partial coup es, 

since these partial couples would have yielded the same results. Also, ternary or higher 

alloy interdiffusion couples were not analyzed for D.. due to the lack of sufficient ternary 

*1 * 

interdiffusion at one temperature (i.e. , crossing path technique). Where classic interdiffusion 
coefficients were calculated, correlation with published data by other researchers was 
established. 


Classic intrinsic diffusivities (i.e. , Darken 's analysis with marker mo‘ion correlations) were 
not calculated for this study since primary concern was predicting interdiffusion zone widths. 
Also, distortions around the fairly large marker wires (W-2%Th02 at 0.001 inch diameter) 
caused them to form unusual geometries as well as potential disruption to normal diffusion 

* 

See Part II, Appendix B, keferences 26, 27, 28, etc. 
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Table 31. Interdiffusion Zone Width Analytical Model 
In (~)=B (I)+A 


=VT e A/2 e B/2T 


System 

Correlation 

Coefficient 

A 

'• W (Pow, CVD/ Cb,Cb "' Zr 

0. 934 

-3. 8689 

2 ' Re (pow,CVD/ Cb,Cb " IZr 

0.866 

-0. 4899 

3 ‘ W (arc,CVD) /ro ' T£ '- ,0W 

0. 897 

-7. 3385 

4 - W (arc,CVD) /r - ,n '-' STAR - 8,,C 

0.815 

-3. 3589 

5 ‘ Re (pow, CVD) 7 ^ 0 ' Ta 0W 

0.971 

-7.1024 

6 ’ Re (pow,CVD) A -’ ,, ' ASTAR - 8 " C 

0. 939 

-6.4489 

7 - ^rc.CVD/^' 508 ' 

0. 894 

40.1554 

8 ‘ Re (pow,CVD/ M °‘ 50Re 

0.929 

-8. 4797 

9 . W, _ m 7W-30.9Re-20.1Mo 
(arc, CVD; 

0.771 

-7. 2084 

1 0 . Re (pow c VD /^- 30 - 9 Re_2 °- 1 Mo 

0.791 

-9. 3027 

n * W (arc,CVD) / ^ e (pow / CVD) 

0.584 

-4. 4641 

12 ‘ W (arc, CVd/^" 2 ^ 6 

0.966 

-2. 1992 

13 ‘ Re (pow,CVD)^- 25Re 

0.761 

+2.4148 


. 4 f . t4 , A . BA 

Least squares Fit to ( — — ) = A e 
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paths. Microprobe trace and spot count analyses were therefore made in areas removed from 
the marker locations. 

The use of microhardness traverses to determine interdiffusion zone widths has been his- 
torically inaccurate and qualitative but was attempted early in this study to establish cor- 
relations with microprobe analysis. Interdiffusion analysis by microhardness traverse of the 
interdiffusion zone was not continued in the study since: (1) Kirkendall voids disrupted 
these measurements, (2) interdiffusion zone widths of small dimension were beneath the 
resolution of the technique, and (3) microhardness changes across the interdiffusion zone 
were in some cases within statistical scatter. 

The effect of varying grain size on interdiffusion characteristic within each alloy family was, 
if present, undetectable. For instance, interdiffusion characteristics for arc cast W to a 
couple material were the same as CVD W to the same material. In general, post-test grain 
sizes were all larger than the interdiffi sion zone wicth for both sides of the diffusion couple 
by factors of 10 or more. As a result of this effect, grain boundary diffusion was not an in- 
fluencing factor in the analysis of the couples. This is farther illustrated by the fact that the 
graphical presentations of In (AX z /t) vs (1/T) were linear in all cases. If grain boundary 
effects had been present, the interdiffusion zone widths would have been larger than expected 
at low temperatures, and deviations above the linear relationship described above would have 
been observed. This was not the r ;e. 

Several system comparisons can be made for the diffusion couples of this study. For instance, 
Figure 97 demonstrates the interdiffusion characteristics for the Cb/W and Cb/Re systems. 
There is surprisingly little variation between the two systems even though one is a solid solution 
couple system and the other is one with an interphase interdiffusion zone. Differences between 
CVD W and arc cast W, and CVD Re and powder metallurgy Re were not noticed in the 
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earlier presentation of these systems. Note also, the absence of a grain boundar ffect. 

The statistical scatter at low temperatures is due to the resolution of analytical techniques 
and the small interdiffusion zone widths achieved in this temperature range. These analytical 
problems are not present at elevated temperatures. 

Comparison of the W/Ta alloy systems is presented in Figure 98 as well as that of Re/Ta 
systems. The relationships of the interdiffusion characteristics are almost predictable. For 
instance, the interdiffusion zone width of Ta/W and W/T a '10W couples is greater than these 
of T-l 1 1 and ASTAR-81 1C to W at low temperatures but almost equal at elevated temperatures. 
That the zone width of the Ta-lOW/W partial couple is the same as that for the WAa couple 
was not entirely expected. As a comparison, the ReAa alloy systems possessed slightly higher 
zone widths than those of WAa, even though they formed multiple phase interdiffusion zones. 
This would be expected from a relative melting point consideration (Part II, Appendix C). 

An interdiffusion predictive model was developed early in this study as an aid in predicting 
adequate age times and temperatures to employ (experimentally) in order to generate zone widths 
of analyzable dimensions. Pbrt II, Appendix C describes the development of this model in 
detail. Basic interdiffusion Arrhenius equations were employed to relate the interdiffusion 
zone width to the entropy of the combined system. Since entropy and relative temperatures 
were shown to be related, the interdiffusion zone widths of various: interdiffusion systems 
could all be related to one "family" line. The lowest melting point temperature of each 
binary (interdiffusic n) system was selected as the point of highest entropy, and thus the 
point of diffusion characterization. Figure 99 presents the predicted interdiffusion/ 
temperature relationship for the material combinations of this study, as well as the exper- 
imental line. Correlation was better than expected due to the "universality" assigned to 
the relationship. However, the interdiffusion characteristics of W and Re to group V and 
VI refractory metals and alloys can be predicted by Figure 99 with acceptable 
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accuracy when experimental data are not available. 


Although all of the selected diffusion junctions survived their one age thermal cycle without 

fracture, several observations could be noted. Hot isostatic pressure welded interfaces with 

Re cannot be recommended for long term elevated temperature service due to brittle inter- 

metallic phases and cracks which formed in their diffusion interfaces during »hort term thermal 

ageing. Nonplanar joints such as tubular (concentric cylinder) face joints with Re to Ta 

★ 

all cracked and fractured in the interdiffusion zone. W joints to refractory metal alloys 
were not subject to joint cracking but were susceptible to considerable Kirkendall void 
formation. The most acceptable joints for long term high temperature service should be hose 
of W to alloys such as T-1 1 1 or ASTAR-81 1C after being pretreated for Kirkendall void in- 
hibition (see Section IX, " Kirkendall Void Problems”). 

Since the experimental interdiffusion test pieces were all planar in geometry and small in 
dimension, the above recommendation of acceptable junction materials for lor.g term high 
temperature service should be tempered with the fact that more tortuous tubular geometries 
may be more conducive to junction failure. 

A means of inhibiting the formatic. and thus the deleterious effects of Kirkendall voids in 
dissimilar metal junctions is described in Section IX. Although the technique has 
been verified in this study with minimal experimental evidence, the implications ore 
important enough to thermionic systems as well as other dissimilar metal junction applications 
to merit more thorough characterization. 


See Section IX, Kirkendall Void Problems. 
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A. PROBLEMS INTRODUCED BY KIRKENDALL VOIDS 

When dissimilar metallic materials are joined (pressure welding, EB welding, etc. ) and 

employed at elevated temperatures, they will interdiffuse. The interdiffusion is uneven in 

that the atoms of the lower melting point metal possess a higher mobt'V' and diffuse across 

the junction more rapidly than those atoms of the higher melting point material moving in 

the opposite direction. This net flux of (low melting point material) atoms moving across 

the junction is compensated by a flux of vacancies moving in the opposite direction. There 

vacancies coalesce adjacent to the junction in the lower melting point material (Figure 100 

This phenomenon is well documented in diffusion literature and is commonly referred to as 

(14) 

th »: "Kirkendall Effect"' / Long diffusion thermal ageing inherent in the application of 
the dissimilar metal junction (i.e. , thermionic emitter/structure joints such as CVD-tungsten 
or rhenium to ASTAR-81 1C, etc. ) could result in the coalescence of these voids into an 
interconnecting (porous) structure^ ^iind, 

e through interconnection, form paths that lead to junction through -leakage. 
Thus, in thermionic systems, vacuum or cesium plasma envelopes become 
compromised. 

e The plane of Kirkendali voids is known to be easily fractured, due to i*s 
porous structure. 

e Since the gross formation of Kirkendall voids forms in a plane, the cross 

2 

sectional area for thermionic current is reduced, leading to I R losses and 
localized heading. 

Employing dissimilar metal junctions of materials whose selection is dictated by other 
characteristics (i. e. , thermionic emission) r • 1 uires the prevention or inhibition of the 
gross growth of Kirkendall voids. 
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(a) W(crc cast)/Cb as HIP Welded Junction (400X) 



(bj W(arc cost)/Cb Junction Aged at 1800^0/1000 hacrs (200X) (1AA«£) 

Figure 100. Illustrating the Gross Kirkendall Void Structure Possible Through 
Thermal Ageing of Dissimilor Metal Junctions 
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Prior research has been directed toward inhibiting or retarding the intendiffusion of dis- 
similar metals by placing a layer of a third material, a "barrier", between them^} Here, 
it.; general' - accepted concept is that the higher the melting point of the selected barrier 
mrterial, the lower the extent of interdiffusion. 

Selection of a "barrier" to interdiffusion, however, does not solve the void problem. For 
instance, if tungsten is coupled to columbium, no barrier of a higher melting point exists. 
Also, direct coupling of tungsten to columbium will still result in considerable Kirkendall 
void formation after brief (100-500 hours) ageing at elevated temperatures^} Also, if 
two dissimilar melting point metals are joined by a barrier with a much higher melting point, 
Kirkendall voids could form in each of the dissimilar metals adjacent to their interface with 
the barrier. Similarly, if the barrier were an intermediate melting point metal (melting 
point between that of the two joined metals), the Kirkendall voids could form in the lower 
melting point metal and in the barrier. 

Often in thermionic power systems, the two metals to be joined are selected for thermionic 
emission and high temperature strength characteristics, and no consideration is given with 
respect to inhibiting the Kirkendall effect. For instance, an emitter material of CVD- 
tungsten or rhenium may be joined to a structural material such as ASTAR-81 1C, Cb-1 Zr, 
or T— 1 11. A means of retarding Kirkendall void formation and coalescence is required 
to maintain system integrity, vacuum or cesium plasma envelopes, etc. This requirement 
becomes more important when system lifetimes are expected to exceed 3 and 4 years without 
material compromise. 

B. KIRKENDALL VOID INHIBITION (KVI) CONCEPTS 

The objective of this cursory study is not to totally prevent Kirkendall void formation 
during the interdiffusion of two dissimilar metals at elevated temperatures, but to evaluate 



the potential of a proposed method of reducing the coalescence and growth of such voids 
over that which would normally occur over the same age time/temperature conditions in 
junctions not treated to inhibit interdiffusion* Thus, the intent is to evaluate a method of 
preventing intervoid porosity and through leakage from occurring in junctions particularly 
susceptible to such degradation. 


In order to minimize the formation of Kirkendall voids without utilizing a (dissimilar metal) 
barrier between two metallurgically joined dissimilar metals, the rates of interdiffusion 
must be investigated. The width or extent of the interdiffusion zone (AX) between the 
metals is related to their time (t) at the elevated temperature by the relationship 


AX = At n (35) 

where n is usually found (experimentally) to be 1/2. Figure 101 illustrates the usual 
mode of graphically representing the interdiffusion zone width at one temperature. The 
information in Figure 101 can also be plotted as illustrated in Figure 102 where the rate 
of extent of interdiffusion is observed to decrease with time. This can also be shown by 
taking the time derivative of equation (IX-1): 

i„ e. , AX = At ly/2 (35)’ 


dAX _ A 
dt " J7? 


(36) 


Thus, from equation (35), the rate of growth of the interdiffusion zone width decreases 
with time* In Figure 102, the growth of the interdiffusion zone for time increment (t^ -0) 
is AXj, whereas for the same time increment (t ^ - tj) at a later time, the growth of the 
interdiffusion zone is AX^ (<< AXj). 
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Figure 103 illustrates that as the diffusion age time increases at one age temperature, the 
diffusion concentration profile between dissimilar metals A and B becomes lower in slope 
(gradient). Since the diffusion flux, J, is proportional to the concentration (activity) 
gradient, by the first Fick equation 

~ dr 

J " “ D (36) 

where D is the diffusion coefficient, the reason for the effect of Figure 102 is obvious. 

Several texts offer good reviews of concentration dependent interdiffusion (D) coefficients, 

~ (18 19) 

the Boltzmann -Mata no analysis for D, and the Kirkendall effecr ' ' . 

1 „ Alloy Layers 

If a layer, AX^, of material homogeneously composed of 50% A and 50% B is inserted 
between A and B of Figure 103, then the interdiffusion zone width at time zero is AX^ 

(see Figure 102). Thus, the artificial interdiffusion zone width AXj forms a shallow con- 
centration gradient to subsequent interdiffusion (Figure 104). In the following time interval 
tj, the extent of further interdiffusion will be AX 2 . More importantly, the interdiffusion 
at time zero now begins with the "artificial" interdiffusion zone AXj, without the presence 
of Kirkendall voids; and the initiation and development of Kirkendall voids will now form 
at a reduced rate since the rate of interdiffusion has now been reduced by the void free 
Kirkendall Void Inhibition (KVI) layer. 

The KVI layer can be expanded from the 1 00A/50A-50B/1 00B geometry to several KVI 
layers to further smooth the concentration (activity) gradients between A and B, i. e. , 

1 00A/75A -25B/50A -50B/25A -75B/1 00B 

where each layer is from a special melt. 


182 



Astronucleai 

laboratory 


K.V. 



Figure 103. As the Diffusion Age Time t at Temperature T 1 is 
Increased, the Concentration Gradients Decrease. 

The Kirkendall voids Form in the Higher Mobility Metal. 



Figure 104. The Kirkendall Void Inhibition layer Retards the 
Rate of Formation of Kirkendall Voids During 
Interdiffusion of A and B, 
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Or, the KVI layer may already exist as an industrial (commercially available) alloy of the 
two components of the junction, i,e. , 

W/W-25Re/Re 

The KVI layer may be formed separately and applied to the junction during metallurgical 
joining (hot isostatic pressure welding), or may be formed during joining (wide puddle during 
EB welding), or may be formed through short, elevated temperature anneals (discussed later). 

It should be noted that the KVI layer is not a "barrier" but does utilize diffusion kinetics 
to extend the useful life of dissimilar metal joints at elevated temperatures by retarding 
the formation of Kirkendall voids. 

Considerations such as brittle phases, KVI layer fabricability (from rolled sheet or HI P— 
weld junction as a powder, etc. ), KVI layer thickness, etc. , must also be accounted for in 
the selection of suitable systems. 

2. Annealed Layers 

If an interdiffusion couple is subjected to age time-temperature conditions which are in- 
sufficient to obtain Kirkendall voids, a mathematical approach can be employed to ascertain 
the position where the Kirkendall voids would appear with adequate ageing^? Consider 
Figure 105 where (a) illustrates the initial conditions of the as HIP-welded couple at time 
zero. In (b) the couple has been aged at temperature T for time t and presents a concen- 
tration gradient of constituent A. Boltzmann-Matano analysis results in the interdiffusion 
coefficient D. Knowledge of D plus the marker (thoriated tungsten wire) motion (V) allows 
Darken's calculation of the intrinsic diffusivities and Dg. The constituency flux of 
A and B can then be determined from and Dg and their respective concentration 
gradients as in Figure 105(d). In this case, constituent B is the faster moving element, 
and the net flux if vacancies is into B. The rate of creation or destruction (coalescence) 
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(a) Concentration plot J as 

HIP-welded couple at t O. 

o 


(b) 


Couple at T, t >t 

o ^ 

Boltzmann -Matano solution yields D 
Apply Darken' s analysis 


t5 = N A D B , N B D A 

V , = (D,-D_) 

marker A B ^x 


(c) Simultaneous solution to Darken' $ 
equations yield intrinsic D., D R . 

Th.n V -D A 5-A 

A A ax 




oCa 

w 


(d) The vaconcy flux is 


V J 


A 


(e The rate of creation or destruction 
(coalescence) of vacancies is the 
variance of the vacancy flux with 
position (i.e. djy). 

Kirkendall voids form at the sink. 


Figure 105. Predicting the Location of Kirkendall Voids 



of vacancies is the variance of the vacancy flux with position, i.e. , dJ^/dX. Figure 
105 (e) demonstrates the location of vacancy source and sink areas in this demonstration 
couple. Kirkendal' voids would be expected to form at the sink location in Figure 105 (e) 
if their rate of arrival exceeds the normal crystallographic mechanisms of their removal 
(i.e., dislocation motion, normal vacancy motion, grain boundaries, etc.). 

Figure 106 demonstrates that this analysis must be further refined. Notice that as the 
concentration penetration profile (Figure 105 (b) becomes flattened and extended for 
longer age times, the vacancy source and sink peaks in Figure 106 will become shorter 
(i.e. , fewer vacancies are being created or removed). Also, the location of the two peaks 
will be observed to move away from the original interface. Experimental evidence usually 
indicates a void free zone between the initial interface and the Kirkendall voids. This 
is probably an incubation zone which occurs prior to adequate vacancy density levels 
forming to initiate coalescence. There is probably a critical sink peak height below which 
the normcl crystallographic removal rate of vacancies would equal or exceed their arrival 
rate. Thus, the optimum selection of the KVI layer composition as well as the thickness 
could result in no Kirkendall voids being formed. This critical sink (source) peak height 
is represented by the dashed lines (a, b) in Figure 106. This dashed line can be thought of as 
the normal vacancy equilibrium concentration supply rate found in the material of interest 
at the temperature being studied. Once the concentration penetration profile (Figure 105 (b)) 
becomes sufficiently extended so that the source and sink peaks (Figure 106) fall 
below the equilibrium lines, then the Kirkendall voids will cease to grow (coalesce). The 
KVI layer establishes this extended concentration-penetration profile immediately. 

We should also note that as the diffusion age temperature is raised, the equilibrium vacancy 
concentration level (Figure 106,dotted line (a)/will also rise while the peak heights would 
remain constant (i.e., derivative of C(x, t) with respect to X). Thus, one would expect 
the absence of or a reduced Kirkendall effect at high temperatures when compared to low 
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Figure 106, The Vacancy Coalescence Rate (sink) Decreases with Age Time, ond the 
Zone of Vacancy Coalescence Moves With the Interdiffusion Profile 
With Age Time 
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, temperatures. This has been shown to be true experimentally' . This also demonstrates 

i that one may form the KVI layer by a short high temperature diffusion age to establish a 

Kirkendall void free extended concentration-penetration profile in the hardware junctions, 
j Hudson^ ^shows that the Kirkendall effect in W-Ta couples aged at 2200°C for 100 hours 

prior to their 400 hour ageing at 1650 C was substantially reduced over that in couples 
aged directly at 1650°C. This lends considerable credence to the KVI layer concept 
proposed in that Hudson's preage at 2200°C probably produced a KVI layer of graded 
concentration. 

Also, since the Kirkendall voids are observed experimentally to form in one small zone in 
the diffusion couple, it can be proposed that the sink peak of Figure 106 exceeds the 
removal rate of vacancies for a brief period. Then, as the decreasing peak moves away 
from the interface, the normal vacancy removal rates exceed their arrival rate, and 
vacancy coalescence ceases to be a problem. 

Thus, KVI layer junctions can also be grown through short, elevated temperature anneals 
where vacancy equilibrium levels and removal rates are high, and the opportunities for 
coalescence are minimized. Then, additional long term ageing at reduced temperatures 
would occur on the low growth rate part of the curve of Figure 102 and with the low sink 
peaks of Figure 106 resulting in little, if any, vacancy coalescence or void growth. 

C. AGE SCHEDULE 

Two groups of junctions were selected for cursory study: (1) a group fabricated with 
commercial alloy layers placed between the pure metal couples; and (2) a group with 
graded concentration layers grown through short, elevated temperature anneals to 
minimize Kirkendall void formation. 

« 
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1 . Alloy Layers 

Tri-layer combinations to ascertain the validity of the KVI alloy layer concept were 
selected as: 


KVI Layer 
(Tri-layer) 

W/W-25ReAe 

Ta/Ta-lOW/Ta 


Control Couple 
(No KVI Layer) 

W/Re 

Ta/W 


Table 32 presents the age time-temperature matrix for the KVI alloy layer study as well 
as the selected KVI layer initial thicknesses (AX). These Thicknesses were determined from 
the predictive interdiffusion model (Part I’., Appendix C) as values which bounded the max- 
imum interdiffusion :we thicknesses expected for the control couple (no KVI layer) for 
the age time-temperature selected. Srrne thicknesses were selected to exceed expected 
control couple interdiffusion zones, ar.d some were not. The commercially available 
alloy layers employed are not optimum KVI layers (i. e. , 50-50 or graded combinations 
may have been preferred) but were adequate to verify or disprove the concept. 

2. Annealed Layers 

Diffusion couple material combinations selected to ascertain the validity of the KVI annealed 
(graded) layer concept were selected. It was decided to grow KVI layers through high tem- 
perature anneals for the following systems: 


ReAa 

WAa 

CVD ReAa (tube) 
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The diffusion ages fc annealed layers are presented in Table 33. The KVI annealed 
layer is a compositional ly graded layer gro’^n through a high temperature anneal, while 
the KVI alloy layer is a stepped layer produced through the hot isostatic pressure (HIP) 
welding or hot press welding of st'etified alloy sheets. 

The interdiffusion predictive model (Part II, Appendix C) was used to predict the KVI layer 

anneal conditions (time, temperature) required to produce the desired layer thicknesses (a* 

T/T =0.94) illustrated in Table 34. The KVI annealed layer thicknesses, as can be seen 
m 

in Table 34 were not selected to eliminate all Kirkendall voids but to encompass the pre- 
dicted interdiffusion zone growths expected for low temperature ageing. This method 
(controlled experiment) of reducing Kirkendall voids was expected to yield more information 
than their total reduction through the employment of a wide KVI annealed layer. Wide 
KVI layers were not desired since they could also create problems in embrittlement, sub- 
sequent handling, thermal cycling, and a resultant lack of measurable data. 

Ramp time corrections to the preage anneal (i. e. , hnatup and quench contributions to KVI 
zone width growth) are treated in Part II, Appendix D. 

3. Preparation and Age 

The alloy interlayer KVI couples were prepared as described earlier by vacuum encapsulation 
in molybdenum containers and HIP welding. The annealed KVI layers were prepared by 
short time anneals ot 0. 95 T /T m in a 10 ^ torr tungsten mesh resistance furnace. Temper- 
atures were monitored by optical pyrometry and power-temperature curve extrapolations 
from lower temperatures. The anneal tlme-temperaturc conditions selected for KVI growth 
are described in Table 34, footnote 2. These condition* ’ ■ -•re selected to give grown 
interdiffusion layers of thicknesses which fell on either sid-r ih? thickness which would 
occur in non-preannealed, aged couples (i. e. , control couples). 




>te KVI annealed layer thickness 

_3 

1 X 1 = 25. 4x10 cm 

.3 

,X? = 7.6 x 10 cm 

_3 

X<) = 15. 2 x 10 cm 

J .3 

X^ = 5. 1 x 10 cm 


1 
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Table 34. KVI (Annealed) Layer Predicted Thicknesses (cm x 10 ) to be Aged 


1 

Diffusion Age 

WAa 

ReAa 

Conditions 

Predicted 

Proa rammed KVI AX** 

Predicted 

Proa rammed KVI AX** 

(°C) 

(hrs.) 

AX* 

ax 3 

ax 4 

AX 0 

AX* 

AX] 

ax 2 


1800 

1000 

5.48 

15.2 

5.1 

0 *** 

9.38 

25.4 

7.6 

0 *** 


100 

1.73 

15.2 

5.1 

Q*** 

2.97 

25.4 

7.6 

0 *** 

1500 

2000 

4. 24 

15.2 

5.1 

Q*Wr 

6.00 

25.4 

7.6 

0 *** 


1000 

3.00 

15.2 

5.1 

Q*** 

4. 24 

25.4 

7.6 

0 *** 


* Predicted interdiffusion zone thickness for a non-KVI layer couple from interdiffusion 
predictive model of Appendix C. 

** KVI growth conditions at 0. 95 T/tm 

W/Ta 1 5. 2 x 1 0~^cm = AX 3 ; 2800°C for 3 . 6 hours 
WAa 5. 1 x 1 0 -3 cm = AX 4 ; 2800°C for 0. 4 hours 

ReA a 25.4 x 10~ 3 cm = AX]; 2500°C for 10 hours 

ReAa 7 . 6 x 10 * 3 cm = AX 2 ; 2500°C for 0. 9 hours 

*** Non-KVI layered control couples. 
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All KVI couples were indexed (see Appendix F, Diffusion Couple Age/Identification Chart), 

and were aged with the interdiffusion couples as described earlier in this report. As reported 

o 6 2 

earlier, age temperatures did not vary by + 20 C, and vacuum conditions were 1.2x10 N/m 

-8 

(10 torr) or better for the duration of the age cycle (except for a brief, 1 hour, period at 

-3 2-5. 

10 N/m (10 torr) during age startup). 


D. RESULTS AND DISCUSSION 

The effectiveness of the KVI preage treatment upon subsequent Kirkendall void formation 
was evaluated qualitatively. Comparison of Kirkendall void structure between KVI treated 
couples and control couples showed the KVI treatments to be effective in reducing or 
eliminating Kirkendall voids. 

Figure 107 presents the as-welded and aged control couple, W arc cos/’' 0 “ 1800 ° C / 

1000 hours, while Figure 108 presents a similar couple for the system. Note 

in both systems that the Kirkendall void structure is the same, i.e. , elongated, inter- 
connected voids on the Ta side of the weld interface. Figure 109 presents the W/Ta 
interface of the annealed (2650°C - 0.4 hour) KVI couple prior to and after ageing at 
1800°C for 1000 hours. Figure 110 also illustrates other zones of the interdiffusion 
interface of the W/Ta KVI couple and demonstrates that the Kirkendall voids of Figures IX-8 
and 108 are almost entirely eliminated. 

If the W/Ta KVI couple is initially annealed at 2650°C for 3.6 hours (rather than 0. 4 hours), 
the post-age results are as illustrated in Figure 111. The reduced number of Kirkendall 
voids, which do form (over those appearing in non-KVI treated couples), are located 
further away from the weld (juncture) interface than those in Figure 1 10, aged at 2650°C 
for 0.4 hour. This is compatible with the extended concentration/penetration profiles 
grown at the longer anneal times at 2650°C. Contrary to expectation, the density of 
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W (arc cast) 



(a) W(^rc cast)/Ta As Welded Diffusion Couple (200X) 



(b) W(arc cast)/Ta After Ageing at 1800°C/1000 hours (200X) 

Figure 107. The W/arc cast)Aa Control Couple. Note the Coalesced Void 
Structure in the Ta Side of the Interface 
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•PI 


W (CVD) 



(a) W(CVD)/Ta as HIP Welded Diffusion Couple (400X) 



Figure 108 . W(CVD)A« Control Couple Note the Coalesced Void Structure 
in the Ta Side of the Interface 
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(a) W/Ta Interface After Preanneal at 2650°C for 0.4 hours (200X) 


V 


w 


£ 




Ta 


(b) WAa Preannealed Couple After Ageing at 1800°C for 1000 Hours (200X) 

Fi 9 „re 109. Th. WAo KVI Diffusion Couple, Preonneoled of 2650°C 

for 0.4 hours Prior to Ageing at 1800°C for 1000 houre. 

(Continued on next page) 
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(c) W/Tci Preanneal Couple (2650°C/0.4 hours) After Ageing 
at 1800°C/1000 hours (200X) 




W 






(d) WAa Preanr.ealed Couple (2650° C/0. 4 hours) After Ageing 
at 1800°C/1 000 hours (200X) 


Figure 110. (Continued from previous page) 
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(a) W/Ta Interface After Preanneal at 2650°C for 3-6 hours (200X) 


V/ 


• •• • • • * • •• •••• 


(b) WA° Preannealed Couple After Ageing at 1800°C for 1000 Hours (200X) 

Figure 111. The Preannealed WAa KVI Diffusion Couple, Preannealed at 2650°C for 
3.6 hours Prior to Ageing at 1800°C for 1000 Hours 
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Kirkendall voids appears to be slightly larger than that resulting from anneals at 2650°C 
for 0. 4 hour prior to 1800° C/1 000 hour ageing. This may be a statistical variation in 
sample structure or could be real. Further study will be necessary to resolve this issue. 

Inhibiting Kirkendall void structures from forming in the Ta/W system was also attempted 
with alloy KVI layers. Figure 112 (a) presents, again, the ^/ QfC cai /^ Q con ^ r °l couple 
aged 1000 hours at 1800°C. Figure 112 (b) demonstrates that the insertion of a Tc-lOW 
alloy interlayer of 5 mils (0.013 cm) thickness considerably reduces the density of Kirkendall 
voids over that occurring in the control couple. 

The void density, which does appear, is not, however, as limited as that which resulted 
from high temperature preageing. The voids appear in the Ta-lOW alloy layer next to the 
W/alloy junction and are in a plane. The plane is further from the couple interface than 
that occurring in the pure Ta/W control couple. 

Figures 113, 114, 115, and 116 present the results of the KVI concept feasibility 
study. Results were more positive for the W/Ta systems than for the Re/Ta systems since the 
latter: (1) possessed closer melting points and were therefore less susceptible to Kirkendall 
void formation, and (2) formed brittle intermetal lie phases in the interdiffusion zone which 
cracked and could have affected interdiffusion. Also, high temperature pre-annealing 
of the interdiffusion couples appeared more promising in eliminating Kirkendall voids than 
alloy tri-layer insertion. 

Consider Figure 116. If a dissimilar metal junction is aged at an elevated temperature, 

0. 90 Tm or higher, then the Kirkendall void structure which results will be considerably 
reduced over that which occurs at a lower temperature, since vacancy removal rates 
through bulk diffusion, dislocations, and grain boundaries are higher (i.e. , line (b) 
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(a) W(arc cast)/Ta Junction After 1800°C/1000 hours Ageing 
(Control) (200X) 

\ ^ f 



(b) A WAa-lOWAa Alloy KVI Layer (.005-inches) After Ageing 
at 1800°C/1000 Hours (200X) 


Figure 112. The Effect of a KVI Alloy Loyer Between Junction Materials 
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(e) W /To of 1800°C/1000 hours (d) W /To of 1800°C/1000 hou* 

ore arc 

(Pre -annealed at 2650°C/3.6 houn) 
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Figure 713. Post-Age KVI Observations: W/!a Pre-Annealed Aged Couples 

(All photomicrographs at 200X) 
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Control 



(c) R «( p )/Ta ot 1800°C/1000 hours (d) R e . Jla a f J800°C/]000 hours 

(Pr« -annealed at 2500°C/0.9 Kpur?) P 


Figure H4. Post-Age KV I Observations: Re/Ta Pre -Annealed Aged Couples 

(All photomicrographs at 200X) 
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Control 


Wl 



(a) Ta/To-IOW/W nt 2000°C/1000 houri 
(10 mil To-lOW) 




(b) To-lOW/W at 2000°C/1000 houn 




(e) To/To-IOW/W at 1800»C/1000 hour* 
(10 mil 7a-10W) 


(d) To-IOW/W et 1800°C/1000 boor* 


Figure 115. Post-Age KVI Observations: ToAo-lOW/AV Alloy Tri-layer Couples 

(All photomicrographs ot 200X) 
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(b) Control 

Figure 1 16. Post-Age KVI Observations: W/W-25Re/fte Alloy Tri-Layer Couples 
Age ot 1800°C/1000 hours (All photomicrographs ot 200X) 
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of Figure 106 as opposed to T q ^ line (a) ). Also, vacancy equilibrium concentration levels 
are higher. It may also be hypothesized that long age treatment of dissimilar metal junctions 
at low temperatures would result in reduced Kirkendall effects. At low temperatures the 
vacancy flux would be very small, and again normal crystallographic short circuiting paths 
such as dislocctions, grain boundaries, etc. would remove excess vacancies before they 
could accumulate or coalesce as voids. Figure 117 thus demonstrates that Kirkendall 
voids are more likely to form at intermediate temperatures and are more gross in density 
and appearance in this select temperature range. 

Similarly, short time ages will result in little if any void structure since an incubation 
period is required before sufficient vacancies can coalesce to form an optically visible void. 
Once formed, voids will grow rapidly until the vacancy arrival .ate diminishes. This occurs 
when the interdiffusion concentration penetration profile becomes sufficiently distended 
that the vacancy flux then equals or becomes lower than the active vacancy removal rate 
(see Figure 105). This observation is illustrated in Figure 118/ where the maximum 
vacancy growth rate occurs during a short period of the total age time. Observation of 
voids of couples aged for 1000 hours and 2000 hours found voids of nearly the same dimension. 
It would appear, then, that maximum void growth occurred early in the age cycle when 
diffusional fluxes were high. 

The location of the void plane in the lower melting point material with respect to the weld 
interface will also be observed to vary with temperature. For instance, in preannealed 
Ta/W KVI couples, the void plane in couples preannealed at 2650°C for 3.6 hours is farther 
from the weld plane than the void plane of the Ta/W couple preannealed at 2650°C for 
0.4 hour (both aged at 1P00°C for 1000 hours). This appearance of Kirkendall voids at the 

same concentration level (i.e. , point in the concentration-penetration profile) was also 

(4) 

observed by Hehemann . Furthrr study will be necessary to resolve, if this plane is 
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Figure 1 1 7. Kirkendall Voids Are More Likely to Form at Intermediate Temperatures 

Than at Low or Elevated Temperatures 



Figure 118. The Kirkendall Void Structure Will Grow Only Until the Vacancy 
Arrival Flux Equals the Vacancy Removal Rate 
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consistently the inflection point of the vacancy flux profile (Figure 105 (d,e)). A parabolic 
plot of the void plane distance from the weld plane with respect to age time and micro probe 
concentration correlations at void locations should resolve this issue. 

Further quantitative study beyond this cursory investigation should be performed. Initial 
evidence indicates that the Kirkendall void structure can be reduced if not entirely 
eliminated through the proper formation (alloy layer) or thermal pref reatment (anneal layer) 
of dissimilar metal junctions destined for long term thermal environments. 
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X. ELECTRON BEAM WELD STUDIES 


A. MATERIAL SELECTION 

As discussed in Section I of this report, the typical thermionic system of interest would employ 
a high temperature emitter material joined to the necessary structural elements. The tubular 
type configurations involved lend themselves to welding as the simplest assembly approach, 
if welds with satisfactory properties could be produced. Thus an evaluation of electron beam 
welding applied to dissimilar metals applicable to thermionic designs was performed. 

A review of the desired materials for the emitter and structural portion of the thermionic 
system led to the selection by NASA program management of Re to Cb-lZr and W-25Re to 
Cb-lZr for this study. It was recognized that rhenium forms brittle intermetal lies. Sigma 
and Xi, in combination with columbium. However, success in welding had been achieved 
in other systems, for example stainless steel to Ta by adjusting heat balance to achieve a 
braze type joint. While joints of this type may not be recommended for high strength 
applications, they could be resistant to thermal cycle stresses and serve as effective seals 
for a closed system. Thus it was felt that the ability of the electron beam process to contro 1 
intermixing during welding, through parameter selection and joint design variation, should 
be explored on the material combinations noted. 

Flat sheet material . 05 x 8. 9 cm (.020 thick x 3-1/2" long) was employed in these tests. 
Powder metallurgy Re and arc cast W-25Re were utilized. The characteristics and prior 
history cf these materials and the Cb-lZr sheet are discussed elsewhere in this report. 

Simple holddown clamps provided the required fixturing for these butt welds produced in a 
150 KV, Hamilton Standard Electron Beam Welder. 

B. BUTT WELDING 

A series of sheet butt joints .05 cm thick (.020") were produced with variations in speed, 
preheat, and beam position relative to the weld seam. In all cases weld current was adjusted 
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to that required for full penetration. Table 35 details the results of these weld tests on 
both material combinations. It can be seen that defect free welds, as revealed by visual 
and dye penetrant examination, were produced between W-25Re and Cb-IZr alloy with 
parameter combinations that minimized material intermixing. These conditions required 
low weld speed and electron beam placement preferentially on the Cb-IZr side of the weld 
seam. In this manner the lower melting temperature Cb-IZr was fused and flowed against 
the W-25Re alloy. Figures 119, 120, and 121 show typical weld cross sections produced in 
this manner. Obviously control of this technique is difficult and duplication of results was 
not consistent. 

Satisfactory weld configurations could not be achieved when placing the beam on the W-25Re. 
Power levels adequate to completely melt the higher melting point material caused excessive 
melt back of the Cb-IZr alloy. Even when bonding was achieved, with apparent limited 
intermixing, cracking would occur in the melt zone immediately adjacent to the W-25Re. 

This can be observed in Figures 122 and 123. 

Regardless of the butt weld technique employed, no success was obtained in joining the Re 
to the Cb-IZr. Similar weld zone configurations could be produced but cracking always 
occurred. Typical conditions are shown in the cross section of Figure 124. The weld 
parameters in this case duplicated those that had produced some success in the other material 
combination. 

C. LAP WELDING 

Experience at WANL with lap type weld configurations in other systems had indicated 
better control of material intermixing could be achieved with this joint design. The lower 
melting material would be heated preferentially and melted against the higher melting point 
material. This approach was pursued and a number of short length (approximately 3. 8 cm (1 . 5") ) 
welds were successfully produced between Cb-IZr and Re. These joints were free of cracks 
as revealed by dye penetrant examination. The conditions were successfully reproduced on 
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Table 35. Sheet Butt Welding Parameter Evaluation,Electron Beam Process 
(120 KV, 3 to 5. 5 mi 1 1 iamps selected for correct penetration) 
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Figure 119. W-25Re to Cb-lZr (Weld No, 1), Electron Beam 
Positioned .010" (. 025 cm) on Cb-1 Zr (50X) 
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Figure 120. Melt Zone - W-25Re interface of Weld 
Shown in Figure 1A(400X) 
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Figure 121. W-25 Re to Cb-1 Zr, Electron Beam Positioned . 01 0" on Cb-lZr 
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(50X) 

Figure 122. Cb-1 Zr to W-25Re, Electron Baam Positioned 
. 01 0" (. 025 cm) on W-25Re 





(400X) 

Figure 123. Longitudinal Cracking at Interface of Melt Zone 
and W-25Re on Weld Shown in Figure X-3A. 
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Figure 124. Cb-lZr to Re, Electron Beam Positioned .010" (.025 cm) on 
Cb-1 Zr, Cracking Occurs Near the Cb-lZr - 
Melt Zone Interface. 



8.9 cm (3-1/2") length specimens (standard for this program). As in the production of butt 
welds, lap welding of the Cb-1 Zr to W-25 Re material was achieved with lesser difficulty. 

Tables 36 and 37 list the parameters employed for each of the lap weld tests. It can be seen 
that lower speeds, 12.7 cm/min (5 ipm),were most successful. Figures 125, 126, 127, and 
128 are cross sections of typical crack free joints. In this case the Cb-lZr had been heated 
preferentially and melted against the rhenium. 

The weld schedule which produced successful and reproducible lap joints in both material 
combinations was as follows: 


Standard Lap Joint Weld Procedures 


Weld Parameter 
Overlap 

Beam center location from seam 

Weld speed 

Voltage 

Current 

Deflection 

Work distance 

Pre-heat 

Beam focus 


1/32 inch (.079 cm) (Cb-1 Zr on top) 
.015 inch (.038cm; in Cb-lZr 
5 ipm (12.7 cm/min) 

110 KV 

3.5 MA 
None 

6.5 inches (16. 5 cm) 

None 

Defocus to .025" (.064 cm) diameter 


It was apparent from these tests that whenever intermixing of fusion zones in the dissimilar 
metals occurred, severe cracking could not be avoided. 


Attempts to heat the higher melting point material (Re) and through conductive heating cause 
localized melting and bonding to the Cb-1 Zr were unsuccessful in all but one case (see 
Figures 129 and 130). This short 3.8 cm (1.5") joint could not be duplicated with similar 
weld parameters. It does illustrate however that where minimal intermixing occurs (a braze 
type joint) a sound joint may be achieved. 
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Table 36. Lap Welding of Rhenium to Columbium-1 Zirconium Alloy .020" Sheet 
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Figure 125. Lap Weld No. 12. Molt Down of Cb-lZr Against Unfused Rhenium 
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Figure 126. Lap Weld No. 12. Interface Between Fused Cb-IZr ond Rhenium 
Showing Limited Intermixing of Material. 
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Figure 127. Lap Weld No. 13. Melt Down of Cb-IZr Against Unfused Rhenium 
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Figure 128. Lap Weld No. 13. Interface Between Fused Cb-IZr and Rhenium 
Showing Limited Intermixing of Material. 
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Figure 129. Lap Weld No- 2. Melting of Cb-lZr Aga 
Unfused Rhenium 
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Regardless of the ability to produce joints with apparent as welded integrity, the extreme 
brittleness of the intermetallic interface could be expected to create severe handling and 
use problems. For example, the cutting of samples for metal lographic inspection or bend 
specimen preparation was difficult due to the extreme brittleness of the joints in both mate- 
rial combinations. The Cb-lZr to W-25Re joints were successfully sectioned, however, by 
clamping the sheet between 1.27 cm (l/2“) thick layers of sponge rubber and slowly cutting using 
a soft abrasive cut-off wheel . Electrical discharge machining was also successful with this 
matarial combination. Similar procedures did not resolve the problem with the Cb-lZr to 
Re welds. Approximately 50% of specimens in this combination developed cracks even 
when the shock and vibration free electrical discharge machining was employed. Figure 131 
illustrates the brittle nature of the interface area which fractured during metal lographic 
preparation. 

Elevated temperature bend testing was performed on lap joints. While this test would 
obviously be nonstandard and not comparable to other ductile-brittle transition temperature 
data, it was felt that some feel for joint ductility at temperature might be obtained. As 
the data shown in Table 38 illustrates, extreme brittle behavior occurred even at the maximum 
bend test temperature of 704°C (1300°F). 


D. RECOMMENDATIONS 

While limited in nature this welding study demonstrated that joining of the W-25Re and Re 
to Cb-lZr alloy was feasible. The basic principle of melting the lower melting point alloy 
against the more refractory material did result in joints with no apparent defects in the as 
welded condition. This type of process is difficult to control on flat sheet specimens. 
However the round, tubular joints typical of thermionic systems would undoubtedly be more 
amenable to the process. 

The extreme brittle nature of the joints produced must be considered in any application. It 
is suggested that before actual use, production configurations be carefully evaluated for 
performance through thermal cycling and other design requirements. 
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Figure 131. Lap Weld No. 14. Interface Between Fused Cb-lZr and Rhenium. 

Cracking and Fragmentation Occurred During Metallographic 
Preparation. 
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XI. CONCLUSIONS 

The interdiffusion zone width of W or Re coupled to group V or VI refractory 
metals or alloys can be characterized with 95% accuracy by the following 

A 1 

In(-p-) = B(^) + A (37) 

where AX is zone width in centimeters, t is age time in seconds, T is age temper- 
ature in °K, and A and B are as expressed in Table 39. 

Although the interdiffusion relationship expressed above was derived from 1000 
and 2000 hour age experiments, data trends indicate valid extrapolation to 
1 0,000 hours. 

A general interdiffusion zone width predictive model for any refractory metal 
junctions of W or Re to group V and VI elements of the periodic table can be 
expressed as 

|„ (-£*?) = - 40.7 + 24.4 1 (38) 

* m 

where AX is interdiffusion zone width in centimeters, t is age time in seconds, 

T is age temperature in °K, and T m is lowest binary system melting point (i.e., 
eutectic, etc.) in °K. This predictive model is applicable only at T/T m greater 
than 0.6. 

A general interdiffusion zone width predictive model for any refractory metal 
junctions of W or Re to groupV and VI elements of the periodic table can be 
expressed as 

2 

In — ) = 24.44 ^ -40.68 (39) 
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Table 39. Parameters to Predict Net Interdiffusion Zone Width 
As a Function of Age Time (t -seconds) and Temperature (T - °K) 

In (^) - B(I) + A 


(with 95% confidence limits) 


System 

A 

B 

W/Cb, Cb-IZr 

-3.8689 + 0.2266 

-37,390 + 2810 

Re/Cb, Cb-IZr 

-0.4899 + 0. 2266 

-43,880 + 3060 

WAa, Ta-lOW 

-7.3385 + 0.1891 

-35,290 + 2210 

wA-m, astar 

-3. 3585 + 0.1530 

-44,720 + 3760 

ReA°/ Ta-lOW 

-7,1024 + 0.0980 

-35,020 + 1100 

ReA-1H/ ASTAR 

-6.4489 + 0.1374 

-36,560+ 1730 

W/Mo-50Re 

40.1554 + 0.1921 

-45,140 + 4500 

Re/Mo-50Re 

-8,4797 + 0.1466 

-30,140 + 2940 

WA^-30. 9Re-20. 1 Mo 

-7.2084 + 0.1719 

-34,750 + 3890 

Re/W-30. 9Re-20. 1 Mo 

-9.3027 + 0.1440 

-28,580 + 3290 

W/Re 

-4.4641 +0.3317 

- 41,300 + 7470 

W/V/-25Rc 

-2.1992 + 0.4407 

-47,100 + 9930 

Re///-25Re 

+2.4148 + 0. 5513 

-53,990+ 11,900 
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where AX is interdiffusion zone width in centimeters, t is age time in seconds, T is 
age temperature in °K, and T m is lowest binary system melting point,(i.e., eutectic 
etc.) in °K. This predictive model is applicable only at T/T m greater than 0.6. 

• The appearance of Kirkendall voids upon ageing of metallurgically coupled dissimilar 
metals can be inhibited if not prevented by the introduction of Kirkendail Void 
Inhibition (KVI) layers either by thermal pre-age treatments, or the introduction of 
interdictory alloy layers (of the same coupled materials) upon couple formation. 

• W to T-111 or ASTAR-811C appear to be the best junctions for long time thermionic 
applications since their Kirkendall void structures are minimal (of the 39 junctions 
studied here). Re couples should be avoided since brittle intermetallics and sub- 
sequent junction cracking occur. 

e Limited application lap welds between Cb-lZr and Re or W-25Re can be formed by 
melting the Cb-IZr onto the second material (braze type welds). Only sheet 
geometries were studied. Welds between these materials cannot be recommended 
without further development since they are brittle. 

2 

e Hot isostatic pressure (HIP) welding at 1400°C for 1/2 to 1 hour at 190 Mn/m 

(28,000 psi) is an excellent method for joining W or Re to group V and VI elements 
and alloys of the periodic table with minimal joint thicknesses. 



XII. RECOMMENDATIONS FOR FUTURE WORK 


• This study has demonstrated the feasibility of eliminating Kirkendall voids from 
dissimilar metal junctions by proper pre-age heat treatments or insertion of alloy 
interdictory layers. Analytical and experimental characterization of these pre-age 
treatments must be developed on a formal basis with respect to vacancy flux, pre-age 
anneal temperature, time, vacancy coalescertse, etc. 

• The possibilities of joining complex thermionic power structures in the hot isostatic 
pressure (HIP) weld autoclave should be investigated. Complex geometries may be 
premachined as simple components and joined by HIP welding. 

e Further definition and parameter analysis will be required to resolve the feasibility 
and utility of Cb-lZr to Re or W-25Re welds. 
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